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ABSTRACT

TREC 61-43

Vertol Division, The Boeing Company, Morton, Pennsylvania, High Performance

Tandem Helicopter Study, Volume II - Design Analysis, January 1961.316 pp.
I including illustrations, tables. Contract DA44-177-TC-686.

Unclassified Report

I A preliminary design study has been conducted to establish a tandem heli-

copter configuration capable of the following minimum performance:
(1) 1600 nautical miles ferry range at zero headwind with 1 hour fuel
reserve. (2) 200 miles per hour speed with a minimum payload of 800 pounds.
(3) Flying qualities to meet MIL-H-8501. Detailed aerodynamic and design
layout studies are presented for the High Performance 107-11. The major
design areas covered are rotor blades, hub, and controls; mechanical
instability, drive system, fuselage changes, flight controls, and weight.
Both performance and flying qualities are thoroughly investigated. Over-
all feasibility of a high performance helicopter is assured. Studies of

an Advanced 107 and Advanced YHC-lB (Chinook) indicate that operational
high performance helicopters are obtained if the ratio of payload to empty

I weight is maintained in going to the high performance configuration.
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I
SUMMARY

In June 1960, the Vertol Division of The Boeing Company received a con-
tract from TRECOM to undertake a preliminary design study of a high per-
formance helicopter. The primary performance requirements for this heli-

* copter were extended ferry range capability (1600 n.mi.) and speed
-(200 mph). Furthermore, the design should employ existing components
which would not require further design, development, or extensive mod-
ification in order to minimize cost and elapsed time.

In the conceptual phase, the goal of this design study was to be a re-
search helicopter intended to demonstrate in-flight feasibility of the
high performance capability. The original approach, as envisaged in
the proposal, considered as examples either the use of the Boeing-Vertol
107 with cut-down.Chinook blades or the use of the H-25 dynamic conponants
with a new specially designed fuselage and cut-down H-21 blades.

The controlling item with respect to utilization of existing components
is the selection of rotor blades., The performance requirements dictate
the use of high blade area (low blade loading) which may be achieved by
either using large-chord blades cut-down in radius, or, for a given ex-
isting helicopter, to extend the radius and chord by modest amounts.
Either of these means offer the advantage of proven structure and use
of existing tooling.

•'To gain insight into- the applicability of existing blades, a parametric
study was undertaken, varying blade radius for a number of existing
Vertol blades. To these families of blades was applied a forward flight
criterion to determine allowable gross weights. Thus, a wide spectrum
of high performance helicopters was examined and the best possible
configurations were delineated. Blades utilizing the basic chord, air-
foil and twist distribution of the H-25, H-21 and YHC-lA Vertol-designed
Army-funded helicopters were investigated.

YHC-IA (Boeing-Vertol 107) Study

The parametric study confirmed the validity of the use of existing over-
sized blades to provide the lower blade loading requirement to demon-
strate high speed capability. As the parametric study progressed, it
became apparent that application of reduced radius YHC-lB Chinook
blades to the Boeing-Vertol 107 (YHC-IA) helicopter could fulfill the
requirements of high performance. Furthermore, it was considered de-
sirable to demonstrate the required high performance capability with an
ekisting operational Army production type helicopter in order to avoid
development cost of a single purpose research aircraft. Consequently,
recommendations were made to discontinue further parametric investigation
and proceed immediately to the preliminary design phase of the Boeing-
Vertol 107 equipped with cut-down Chinook blades. The YHC-lB was not
considered in the parametric study since there were no larger chord
blades available.

The parametric study indicated that the High Performance 107-11 with
reduced-radius Chinook blades would provide the desired ferry range
requirement (1600 n.mi.) and, at reduced gross weight, the high speed
capability (200 mph).

xxiii
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High Performance 107-11

In parallel to the development of the performance parametric studies was
a thorough investigation of rotor environment at high forward speeds. The I
effects of blade twist, compressibility, stall and reverse flow were
examined in the range of advance ratios characteristic of the High Per-
formance 107-11. Both the parametric and rotor environment studies in-
dicated substantial performance increases could be obtained from thinner
airfoil sections and more twisted blades. It was concluded that the
NACA 0009.5 airfoil section and blade twist of -14 degrees offered su-
perior aerodynamic properties for the High Performance 107-11 rotor.

Preliminary design, aerodynamic and design studies were begun in Decem-
ber 1960. to more clearly define the High Performance 107-11. As the
design progressed it became apparent that the reduced radius Chinook
blades were overly heavy causing a "chain reaction" in weight penalty
because of over sized rotor hub, upper controls, etc. The best solution,
-under the requirement to use existing blades, was to increase the chord
of the present Boeing-Vertol 107-11 blades to 23 inches. This decision
was well suited to the aerodynamic requirements for a thinner section,
since the 107-11 blade has an NACA 0012 airfoil section and a constant
chord of 18 inches. The blade radius was held constant at 25 feet.
This blade pioved to have acceptable dynamic properties and a theoretical
study was therefore begun to determine the effects of various flight
parameters on blade bending moments and blade stresses.

A static wind tunnel test was conducted at the University of Maryland
to support the drag reduction required for high performance. By re-
tracting the landing gear, reducing aft pylon - hub interference drag
with a rooftop fairing and extended chord pylon, reshaping the after
body - rear ramp volume, and fairing the rotor hubs, the parasite drag
,area of the Boeing-Vertol 107-11 was reduced from 30.2 square feet to
20.5 square feet. Other Boeing-Vertol test programs were completely
reviewed to obtain supporting data to the overall study.

These modifications to the 107-11 were submitted to the respective
design sections. The overall design was governed by the requirement
to use existing 107-11 components wherever possible.

Retraction of t-he main landing gear completely into the stub wing was
accomplished using the present attachment points and rotating the gear
forward. The stub wing span was increased by 18 inches to insure that
the fuel volume was not decreas&d. The nose gear is rotated aft and
partially retracted. The exposed portions are faired. The wheels,
tires, and oleos of the 107-11 are'retained.

A detailed review of ground instability characteristics at gross
weights of 14,300 pounds, 19,130 pounds, and 23,000 pounds indicated
that the above alighting gear design was acceptable.
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3 The rotor hub was sele.cted primarily from aerodynamic considerations,
giving the smallest possible hub radius and a minimum total frontal

iarea. Wire ply tension-torsion straps, now under development at Vertol
Division, permitted a further shortening of the hub arm. The rotor hub
is basically of the same configuration as the YHC-lB, with the pitch
bearings located inboard of the vertical pin. A light-weight fiberglas
rotor hub fairing, permitting full kinematic freedom, was designed to
aid in the drag reduction program.

The present 107-11 drive system was found to be satisfactory for the
High Performance 107-11 and only minor changes were required in the
flight controls and upper rotor controls to establish the control kin-
ematics required by increased performance.

The design feasibility of the High Performance 107-11 was paralleled
with detailed performance and flying qualities investigations. The
studies of aircraft flying qualities demonstrated that the increased
performance is not accompanied by detrimental static and dynamic sta-
bility effects. The increased aft pylon area along with the Boeing-
Vertol designed stability augmentation system insures flying qualities
characteristic of the present 107 helicopter series.

The detailed performance studies of the High Performance 107-11 in-
dicated that this configuration would meet the performance requirements
of ferry range (1600 n.mi.) and speed (200 mph). This configuration,
though commensurate with the early conceptual phase of the contract (a
research helicopter intended to demonstrate in-flight feasibility of
high performance), was not regarded as an acceptable operational heli-
copter design, due to the reduced short-range payload characteristics
caused by empty weight increases. The additional solidity required for
reduced blade loadings in high speed forward flight, when achieved only
by increased chord, severely penalizes the hover performance leading to
a further reduction in payload.

Advanced 107 Study

The most effective means for increasing the payload was found to be op-
timizing the blade radius and chord for the mission requirements. Intro-
ducing the Army hovering requirement of 6,000 feet on a 950F day along
with the 100 nomile mission, an advanced 107 was defined with the over-
all forward flight performance of the High Performance 107-11 and
complete operational suitability. By increasing the radius from 25 feet
to 26.25 feet and reducing the chord from 23 inches to 21 inches, the
present 107-11 useful load was maintained. The merit of this design over
the intermediate High Performance 107-11 Helicopter and present Boeing-
Vertol 107 Model II is clearly demonstrated. The design feasibility of
the High Performance 107-11, established in this report, is directly
applicable to the advanced 107.

I
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YHC-lB Study

To determine the performance potential of the YHC-lB, a brief study
leading to an advanced YHC-IB was completed. By increasing the radius
from 29.5 feet for the YHC-lB to 30.8 feet and increasing the chord
from 23 inches to 26 inches, both operational improvements and high
performance are achieved.

Compound High Performance Helicopter Sbudy

Finally, two compound versions of the advanced 107 received a small

percentage of attention. These were (1) unloading of propulsive force
only on to a pusher propeller and (2) unloading both propulsive force
and lift to propeller and wing respectively. Improvements in speed
were characteristic of both versions, but significant ferry range in-
creases required the unloading of rotor lift onto the wings. The addi-
tion of a third engine was found necessary to insure operational feasi-
bility.

The high performance helicopter has been found to be technically

feasible through modest advances in the state of the art. It has been
shown that either the advanced 107 or the advanced YHC-lB is capable
of the performance requirements and could be used to demonstrate the
feasibility of high performance. The concept, however, is certain to
be applied mainly to production helicopters of the YHC-lB type for
which the Army has a long term program. Cost studies indicate the
overall high performance program costs would be significantly lower -if
the advanced YHC-IB is selected for development. IT IS THEREFORE RECOM-
MENDED THAT THE ADVANCED YHC-lB CONFIGURATION BE ADOPTED AS THE DESIGN
HIGH PERFORMANCE HELICOPTER.
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CONCLUSIONS

I A preliminary design study establishing the feasibility of high perform-
ance using operational aircraft is concluded. Substantial increases in

i helicopter performance in terms of range, speed and productivity are

assured through'modest advances in the state of the art.

The following specific conclusions are made based on the results of this

preliminary design study:

1. Both drag reduction and reduced blade loading are

mandatory to efficient high forward speed flight.

2. Wind tunnel tests confirm the parasite drag area

of 20.5 sq. ft. for the high performance 107 series.

3. Both paraimetric and rotor environment studies indicate

the desirability of thinner blade.afrfoil sections

having higher drag divergence Mach number character-

istics. Allowable blade loading may be increased

through more negatively twisted blades.

4. Flying qualities are not detrimentally effected by

increased performance because of the Boeing-Vertol

designed stability augmentation system and increased

aft pylon area.

5. Increasing the blade chord without optimizing rotor

radius or increasing installed power severely penalizes

the short range payload characteristics.

It is concluded therefore, that the next generation of transport heli-

copters may be efficiently achieved through the normal evolution pro-

cess concomitant to aircraft growth with accruing advantages in lead
time and unit cost. The next itep, amplifying these studies toward the
realization of the high performance helicopter, would be the detailed

design phase preparatory to actual fabrication,

II x1
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I . RECOMMENDATIONS

Based on the results of this study phase, the following recommendations con-

cerning a continuation of this program are summarized below:

i. Establish a detailed, design phase for the Advanced YHC-lB

I 2.. Review compound versions of the YHC-lB

Ixxix
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I SUMMARY OF PHASE I

During the first two and one-half months of this contract, the Vertol,. ',-

dynamics Group applied and extended its overall knowledge of high speed
helicopter design with the High Performance Helicopter Study (Contract
DA44-177-TC-686). The results of these efforts will be the developm'1,1ecJ a helicopter capable of the following minimum perkormance.

I., Payload - 800 ibs. with items 2 and 4 below.
2. Speed - 200 miles per hour with items i and 4.
3. Ferry range - 1600 riatucial miles with item 4

at zero headwind and 1 hour reserve fuel.
4. Satisfactory flying and handling requirements

jj (MIL-SPEC 8501).

To insure accurate calculations of rotor performance data which would re-
flect both stall and compressibility,-the analytical techniques of Refer-
ences 3 and 4 were developed on the IBM 704 at Boeing Aero-Space Division,
Seattle, Washington. This program was used to investigate performance of
isolated rotors at high advance ratios and advancing tip Mach numbers.
CaLculations were performed for blades having linear twists from -4 to -14
,!egrCes. The effects of Mach number, advance ratio, twist and inflow ratio
are summarized as performance charts.

io "LIJJLti J. parametric study investigated various configurations capable of
,;L least 210 miles per hour maximum speed at sea level standard day using
1iuiial rated power and carrying a minimum payload of 800 pounds. The weight
trend data indicated that this payload would be higher when considering the
more practical configurations.

I aDespite the fact that the parametric study indicated many configurations
that would meet the design requirements, itwas felt that those configura-
tiorts derived from the present Vertol 107 aircraft offered the most poten-
tial for a minimum of cost. These feelings were related to the contracting

agency and mutual agreement permitted further emphasis on the High Perform-
ance 107.

jThe primary variable at the high speed condition was payload capability
greater than 800 pounds. To examine this variable in a more parametric
manner with the High Performance 107 an investigation was conducted into
che potential of both modified YHC-lA and YHC-IB rotor systems, as well
as an optimum rotor system. The rotors under consideration were:

1. Modified YHC-IA blade

a. Chord = 18 inches
b. Twist =.333 degrees per foot
c. Three blades per rotor

d. Radii = 25, 27, 29 feet

2. Modified YHC-lB blade

a. Chord = 23 inches
b. Twist =.305 degrees per foot
c. Three blades per rotor
d. Radii = 25, 27, 29 feet

1-1
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3. Optimum rotor derived from
a. Chord - 23, 20.5, 18 inches
b. Total twist - -14 degrees

c. Three blades per rotor
d. Radii - 25, 27, 29 feet

The blades were of constant chord and linear twist.

The overall effects of increased fuselage length, et cetera, to accommodate
the extended radius blades were considered in the weight empty.

The qualitative investigation of stall, compressibility and reverse flow
provided increased understanding of rotor characteristics at high advance
ratio. The magnitude of drag divergence on the retreating blade as well
as'the shifting of stall to blade azimuth angles between 270 and 360 degrees
indicated the need for a definitive criteria of rotor stall to avoid vibra-
tion increases.

The aerodynamic considerations of the high performance helicopter obtained
during the first two and one--half month study period progressed through the
following four (4) phases:

1. Methodology (development of preliminary design
performance charts)

2. Configuration Study (initial parametric study)

3. Detailed Rotor Study (detailed study of rotor
parameters for the High
Performance 107-I)

4. Rotor Environment (an investigation of stall,
compressibility and reverse
flow characteristics)

1-2



I
I METHODOLOGY

The detailed design work required in investigating the performance char-
acteristics of the high performance helicopter necessitated an advance-
ment in techniques for calculating rotor performance, The high forward
.speed potential required accurate evaluation of compressibility, stall
and reverse flow effects on rotor performance. Present performance tech-
niques correlate well with flight test data (see Figure 1, below), but
extrapolation into regions of higher advance' ratio and compressibility
appeared unsatisfactory.I

FIGURE 1

COMPARISON OF PRESENT POWER REQUIRED CALCULATIONS WITH FLIGHT TEST

I800 G.W. 15,550 Lbs. t t  i i
Sea Level RPM -,2;8 It '

Flight Test I II.
1600 0 1H

UU "

I

;i

. ~1400

: 800 40 60 80 I0 120 111! -

To make available rotor performance data which would include the effectsof stall, coIpressibility and reverse flow, the numerical equations and

I ~ procedures f or calculating the aerodynamic characteristics of lifting
rotors, discussed in Reference 3 and 4, have been progrpimd for the IBM
Model 704 at the Applied Mat.hematics Section, Aero-Spa~e Division, BoeingI . Copany in Seattle, WahinIton;

2-1
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The-method of analysis consists of calculating the individual force con- I
tributions of a specific number of blade sections at various points on
the rotor disk, averaging the values around the disk at a particular ra-

dial station, and then radially integrating these averages along the blade I
to obtain the rotor characteristics of thrust, power, drag and flapping.

motion of a blade.

Since the method is essentially a blade element analysis,.the numerical
results are a direct function of the airfoil section properties included
in the program. These properties of section lift and drag coefficient as
a function of Mach No. and angle of attack are shown in Figure 2 for the
NACA 0012 airfoil.

Using the above performance program, a voluminous amount of data was col-
lected to coyer the range of forward speeds and tip speeds contemplated
in the design. Data as obtained for linear twists from -4 degrees to
-14 degrees, advance ratios from .3 to .5, and advancing tip Mach No..
from .7 to .9.o

To insure that this more extensive performance technique was valid, a com-
parison to the flight .test data was made. The results, shown in Figure 3,
indicate correlation as satisfactory as the presently used performance

method.

For preliminary design work during this phase it was found more meaningful
to work with the performance parameters of lift-effective drag ratio, ver-
tical force coefficient, and longitudinal force-lift ratio rather than the
usual thrust, power, and drag coefficients. Figure 4 shows clearly the
derivation of these performance parameters.

It is seen that the longitudinal force-lift ratio (X/L) represents the
useful propulsive force component of the resultant rotor thrust and drag
forces; that is, what is available in the rotor to overcome aircraft drag.

The vertical force coefficient (CT/O ) is the net lift component of the
resultant force in the nondimensional form characteristic of a thrust co-
efficient-solidity ratio.

The lift-effective drag ratio (L/DE) expresses the true "L/D" of the lift-
ing rotor since the effective drag represents the total power expressed
as a drag minus the propulsive force component which leaves only the in-
duced and profile components due to the rotor.

The output da'ta from this extensivd performante program was first plotted
in the form shown in Figure 5.

2-2



j FIGURE 2

NACA 0012 SECTION AERODYNAHIC CHARACTERISTICS -C, and Cd AS A FUNCTION OFOC AND M
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FIGURE 31

COMPARISON OF EXTENDED"POWER REQUIRED METHOD WITH FLIGHT TEST
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FIGURE 5

TYPICAL PERFORMANCE DATA FROM EXTENDED PERFORMANCE METHOD

. =.45 Mt =.85 0t .-9
°

It

-li 841-9

0 .04 / 08 .12 .24 .16 .08 0
lCTI/r X/L

The independent variable along any constant inflow ratio line is root
collective pitch. The major variables of advance ratio, advancing tip
Mach No., and twist were held constant for each plot. These typical per-
formance plots each showed a peak lift-effective drag ratio and associated
vertical force coefficient and longitudinal force-lift ratio. Since the
optimum aerodynamic configuration should be designed to fly at the peak
L/DE, cross plots of peak L/DE and associated C /" versus associated X/L
were made for the various Mach numbers and twists under consideration.
These plots as well as plots of X/L @ L/DE MAX versus inflow ratio are
presented in Appendix II of Reference 2.

These summary charts of peak L/DE and associated CT/O" and X/L established
the over-all performance data for the parametric studies.

2
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I Configuration Study

To establish design gross weights as well as select the basic rotor para-
meters which would define a group of aircraft capable of the required
performance, the Phase I Plan for performance of this contract suggested
a configuration study to determine the gross weight variation with blade
chord, number of blades and blade radius at a design point of 200 MPH
subject to the comfort stall limit and a Mach number range for rotor
power divergence of 7"75 to ,90 at the advancing tip. At least three
existing blades, which may be cut down in radius, will be considered.
These are the HUP-4, H-21, and HC-IB blades which have chords of 13, 18
and 23 inches, respectively. The analysis will be performed for gross

weight to flat plate area loadings of 500, 750, 1000, and 1250 PSF for
both three and four blades per rotor. The results will be plotted as
gross weight versus blade radius for the three chords and two sets of
blades, There will be twenty-four of these curves. On each curve will
be marked power available limits for (1) T-53, (1) T-58, (1) T-55 and
(2) T-589so

Similar graphs will be developed showing empty weight variation and from
this will be derived useful load and thence range performance.

From these plots, a number of possible configurations in the gross weight
range from 6000 to 18,000 pounds will be selected for more detailed design
and analytical study

t The range performance was not completed since it was agreed on the basis
of the preliminary work that the Vertol 107 would, over-all, be the best
configuration to proceed with in the-preliminary design phase.

ITo determine the particular performance charts for the selected gross
weight to equivalent flat plate area ratio. (GW/fe), the relationship
between advance ratio ( i..), inflcw ratio ( ) and advancing tip Mach

I number (M,) for speeds of 150, 170, 190, and 210 miles per hour was
established, Since tbp frequently used small angle assumption on advance
ratio (i.e..,q= Vcos/V t - V/Vt) is not valid when the required inflow
ratio (A becomes large, the following assumptions, in equation form,
were ..aA.

Mt W V + Vt  Vcoe0r 13-2) Vsln (3-3)
a (vt'~ Vt

The resulting relationship between. i, w and Mt becomes

aMt-V c { - (sMtV. (3-4)

Utilizing this relationship and the picts cf X/L versus " for various

advance ratios and advancing tip Mach numbers, the7C'and \ for GW/fe
values of i250, 1000, 750, and 500 .-it qpeads of 150, 770, 190, and 210
miles per hour at sea level were determined, The values of L/DE and

(4/0- versus twist for Mach numbers of .80, 85, and .90 at speeds of
150, 170, 190, and 210 miles per hcur I ,.,. l Figuzcs 6
through 17.

I



FIGURE 6

OPTIMUM L/D,, AND C./,& VS TWIST
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FIGURE 7

OPTIMUM L/De AND CTA/& VS TWIST
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FIGURE 8

OPTIMUM L/DE AND Cl/,- VS TWIST
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OPTIMUM L/DrE ANiD C,./cr S TWIST
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FIGURE 10

OPTIMUM L/Dg AND CTr/i VS TWIST
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FIGURE 11

OPTVTIMUM L/DAND 'T- VS TWIST
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FIGURE 12

OPTIMUM LIDr AND Ct/ctr VS TWIST
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PTMFIGURE 13 STWS
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FIGURE 14

OPTTMUM L/DE AND Cr&VS TWIST
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FIGURE 15

I OPTIMUM L/De AND CT rT VS TWIST
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FIGURE 16

OPTIMUM L/D AND C-rl,& VS TWIST

FORWARD SPEED, V - 182.3 KNOTS - 210 MPH

ADVANCTN TTTj mArg UMER, Mt - 0.85I

00

T~1~ ul 1

-8 -104 -14 -14-
BLDETWST. -DG

4 It 'F I ti

.0 -- ----- -----

-- 6-.8 -10 -12 -14

BLADE TWIST, e - DEG.

----- 3--2



FIGURE

OPTr~IMM L/D~ AD C/- VS TWIST
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This initial parametric study was used to establish configurations in the
gross weight range of 6000 pounds to 18,000 pounds capable of carrying a
minimum payload of 800 pounds at a design speed of 210 miles per hour,
using normal power of installed engines. The configurations were inves-
tigated ftom both aerodynamic and weight points and emcompassed the var-
iables of gross weight, blade radius, blade chord, number of blades per
rotor and gross weight - equivalent flat plate area ratio.

The aerodynamic study was based upon performance characteristics of rotor
blades that could be obtained through modification to blades having a good
deal of design, test, and/or operational background. This selection con-
sisted of:

1) The HUP type blade modified by practical reduction of extension
of radius, but with constant chord of 13 inches.

2) The H-21 through YHC-lA blade of constant chord of 18 inches,
again with practical radius modifications.

3) The YHC-IB blade of constant chord equal to 23 inches.

In this initial study, it was felt that holding total linear twist constant
at -9 degrees would not substantially change the characteristic trend data.
Some additional simplification was introduced by holding constant advancing
tip Mach number of .85. The aerodynamic fuselage characteristics were var-
ied through the gross weight-equivalent flat plate area ratio which ranged
between 500 and 1250 pounds'per square foot.

Since the modification to blade radius required to meet the design condi-
tions was the key variable, the presentation of parametric data is in the
form of gross weight versus blade radius plots at the design speed of 210
miles per hour. The nondimensional performance data at a twist of -9 de-
grees and advancing tip Mach number of .85 is obtained from Figure 16 and
summarized below:

GW/fe L/DE opt CTC___

500 6.3 .04775
750 8.05 .0539
1000 8.98 .0570

1250 9.52 .05855

The variation of gross weight with radius for each gross weight-equivalent
flat plate area ratio is derived from its corresponding value of Cj'/o

Since,,
T L (3 5)

IRVt

and, L = GW (3-6) 0- (3-7)

2 3- R
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The equation for gross weight becomes:

GW - 2 Ct/ -p Vt bcR (3-8)

This equation expresses the gross weight at which L/DE optimum will be
realized. The study was conducted for both three and four blades per
rotor.

Referring to Figure 18 page 3-17, this aerodynamic relationship
(Equation 3-8) is shown as ,the line noted AERO. Any gross weight above
this line will lead to an excessive amount of blade stall while gross
weights below the line are conservative.

The value of L/DE optimum and corresponding value of GW/fe along with
the available power may be used to determine the maximum gross weight
potential for each configuration.

Since

L/DE= L (3-9)
-x + P/v

the expression for rotor horsepower required is

RHP (LV 1 + (3-10)550 . L/DE L,(-0

But X/L is the propulsive force ratio and must equal the drag to gross

weight ratio of the aircraft; hence,

X/L - V2 fe (3-11)
GW

Thus rotor horsepower required becomes

RHP~e~ -W Vi ( LD +.j-V 2fe) (3-12)RReq 'd  500 L/DfE

The T-58-GE-8 turbo shaft engine was chosen for power available having
1050 SHP at sea level normal rated power as noted in Reference 5. Values
of over-all transmission efficiency and accessory horsepower are noted on
the next page.

3-15
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No. of Transmission Accessory
Engines Type Efficiency Horsepower

(1) T58-GE-8 t - .955 HPacc 20

(2) T58-GE-8 t - .945 HPacc 30

Thus the shaft horsepower required becomes

S - eqd RHPReqd + HPacc (3-13)

The maximum gross weight for each configuration is obtained by equating
SHP required to SHP available and may be expressed as:

550 7t (SHPavaiI - HPac(3-14)

max +[ .1+ P V2 (fe/GW)

Referring again to Figure 18, this maximum gross weight is shown as the
line noted NRP ( ) T-58-8.

To establish the line noted WEIGHTS on Figure 18, the basic weight empty
as predicted by Vertol Division weight trend data and the gross weight
variation with radius as determined by aerodynamics (line noted AERO) was
obtained. To this was added:

1) 1-1/2 hours'of fuel consumption at NRP of the T-58-8
2) 2 minutes of warm up at NRP
3) 10 percent reserve fuel
4) 800 pounds of payload

Thus, the WEIGHT line represents the variation of gross weight that will
meet the high speed design mission. Any.gross weight below this line will
include a payload less than 800 pounds.

The aerodynamic and weight limitations defining a configuration may be sum-
marized as:

1) A line noted AERO along which optimum L/DE is realized.
2) A line noted NRP ( ) T-58-8 which defines the maximum

gross weight that may be flown with this power available
at the optimum L/DE and design conditions.

3) A line noted WEIGHTS which defines the minimum gross weight
to do the mission,

4) A vertical line noted by aircraft designation defining the
present design radius with the particular chord.
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Thus, the parametric study in graphical form becomes:

FIGURE 18 * "
GRAPHICAL FdRM OF CONFIGURATION STUDY SOLUTION,"

I\
i " Jf :i " ' " " [; ,N RP ( )TI58-8

ROtR RAD.-lS - PT.

and the practical conf~iguration falls wiLhin the unshaded triangle. The

optimum configuration lies at the intersect-ion of the AERO and NRP()

T-58-8, provided the radius modification is practical.

No configurations having a GW/f e =' 500 were practical.

P~igures 19 through 29 illustrate the results of this parametric study to

define configurations in the gross weight. range of UO00 to 18,000 pounds,

all of which meet the design requirement of at least 200 mnile per hour

speed with an 800 pound payload.

Table I below summarizes the practical configurations, derived from this

investigation, which appeared worthy of further study.

TABLE I

RESULTS OF PARAMETRIC STUDY

Blade No. of No. of Radius! Gross
Config. GW/f e  Type Engines Blades Ft. Weight Payload

A 750 YHC- IB 2 3 21.1 12,750 900

B 750 107 2 4 20.2 12,750 1000

SC 1000 107 1 3 16.0 8,000 920

D 1000 HUP 1 4 16.7 8,000 870

E 1000 YHC- IB 2 3 24.4 15,600 2675
SF 1000 107 2 4 23.3 15,600 2700

G 1250 107 1 3 17.1I 9,200 1800
SH 1250 IHUP 1 4 17.9 9,200 2000

1 1250 YIRC- IB 2 3 25.9 17,850 4200

J 1250 107 2 4 24.7 17,850 4300
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This. table illustrates a requirement for GW/fa ratios approaching 1000
to obtain other than a marginal aircraft. .To avoid' the development of
an entirely new fuselage (consistent with the requirement to "emphasixe
the use of existing components"), a radius consistent with presently
available types (possibly HUP or Vertol 107) would be the most advan-
tageous. Similarly the use of a three-bladed rotor system would be

more feasible than the development of a four-bladed system. Configu-

rations C and E appeared the most practical for further study under the

above assumptions.

Because it was considered desirable to demonstrate the required high

performance capability with an existing operational Army production type

helicopter, in order to avoid development cost of a single purpose re-

search aircraft, recommendations were made to discontinue further param-

etric investigation ap. proceed immediately to the preliminary design

'phase of the Vertol lo quipped with cut-down Chinook blades. The

YHC-lB was not considgreA in the parametric study since there were no

larger chord blades available.

FIGURE 19

GROSS WEIGHT VS ROTOR BLADE RADIUS
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FIGURE 20

GROSS WEIGHT VS ROTOR BLADE RADIUS

NUMBER OF BLADES - 3

GW/fe - 750
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FIGURE 21

GROSS WEIGHT VS ROTOR BIADi RADiUS
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I FIGURE 22

GROSS WEIGHT VS ROTOR BLADE RADIUS
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FIGURE 23

CROSS WEIGHT VS ROTOR BLADE RADIUS

NUMBER OF BLADES =3

- GW/fe =1000*
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I FVIGURE 24

GROSS WEIGHT VS ROTOR BLADE RADIUS
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FIGURE 25

GROSS WEIGHT VS ROTOR BLADE RADIUS

NUMBER OF BLADES = 3

GW/fe = 1250

10-

7=7 7 - =7

12 16 20 24 28 32

10 777-77
8

6 .. ... .. .

12 16 -:TO 24 28 32

8 [

12 16 20 24 28 32

BLADE RADIUS FT.

3-24



FIGURE 26

GROSS WEIGHT VS ROTOR BLADE RADIUS
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FIGURE 27

GROSS WRIGHT VS ROTOR BLADE RADIUS-
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I FIGURE 28

f GROSS WEIGHT VS ROTOR BLADE RADIUS
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FIGURE 29

GROSS WEIGHT VS ROTOR BLADE RADIUS
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I Detailed Study of Rotor Parameters for the High Performance 107-I1

The Vertol 107 is a desirable aircraft for the high performance helicopter

Inot only for reasons of mission versatility, but also for production econ-
omy. The magnitude of versatilityobecomes apparent when consideration is
given to payload capabilities, cargo space, and cleanliness of tbasic de-- '

sign. The fuselage drag characteristics are of prime concern. The pres-
ent flat plate area of the 107 is approximately 30 square feet. It has
been conservatively estimated that a general drag clean-up can produce an
equivalent area of less than 20 feet. This will be accomplished by fair-
ing the rotor hub assemblies, fuselage fairing and streamlining, and land-
ing gear retraction.

A preliminary study has been made to determine the control system require-
ments which include the requirements for longitudinal stick, longitudinal
DCP speed trim for forward speed and C.G. variation, cyclic speed trim,
lateral-directional control, collective pitch control, directional control,
and SAS requirements.

The rotor study was divided into two general parts. The first portion was
an evaluation of modified production rotors with the normal linear twist

resulting from blade radius variance. The second part assumed the same
blades, but with constant linear twist of -14 degrees. An intermediate

I c chord of 20.5 inches was included.

Using the performance charts presented on Figures 6 through 17, power re-
quired plots for an aircraft drag of 20 square feet were obtained. These

power plots were presented in terms of shaft horsepower required versus
gross weight, at various speeds and advancing tip Mach number. By using
the fixed values for NRP and MRP for the T-58-8 engine, the plots of
gross weight versus velocity were obtained. These curves are presented

on Figures 31 through 45. The blades considered for these studies are
listed as:!

I
TABLE II

Rotor Parameters for High Performance 107-11 Study

Part I Part 11
Ii C t t  R C & t

25 feet 18 inches -8.33 degrees 25 feet 18 inches -14 degrees
27 feet 18 inches -9.00 degrees 27 feet 18 inches -14 degrees
29 feet 18 inches -9.67 degrees 29 feet 18 inches -14 degrees

25 feet 23 inches -7.63 degrees 25 feet 20.5 inches -14 degrees
27 feet 23 inches -8.23 degrees 27 feet 20.5 inches -14 degrees
29 feet 23 inches -8.85 degrees 29 feet 20.5 inches -14 degrees

25 feet 23 inches -14 degrees
27 feet 23 inches -14 degrees
29 feet 23 inches -14 degrees

I * 4-1



The basic weight empty has been derived from theweight study for the
Utility Version of the Vertol Model 107 with a design hotsepower of 2500
horsepower. Weight trend data was used to reflect changes in rotor radius
and afterbody fairing, general drag clean-up, and retractable gear. Fuel
weight was based on full internal tanks (2280 pounds) which results in
approximately 1-1/2 hours endurance at NRP of two T-58-GE-8 engines.

Detailed summary curves of the rotor sizing study for the High Performance
107 is presented below, Over-all, roughly the same performance trades are
obtained 'from chord; radius, or twist. The reduced radius YHC-lB blade of
chord 23", -18.3 min./ft. of twist, a id 25 foot radius meets the perform-
ance requirements: the improvement in payload through increased twist is
outstanding.

FIGURE 30

SUMMARY CURVES OF HIGH PERFORMANCE 107-11 ROTOR SIZING
STUDY - PAYLOAD VS. ROTOR RADIUS

V = 200 mph (174 knots) @ 2100 SHP

V z 210 mph (182 lots) @ 2500 SHP

4000 C=23 in. Ot -18 .3 minlft. C=18 in. O@ = -.330 /ft.
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4000 _____
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FIGURE 31

GROSS WEIGHT AND PAYLOAD) VS. FORWARD SPEEL

2

24

FO2AR SPEE -MP

2P 1055SH

FOW- SPEED -- --PSOITff



FIGURE 32

GROSS WEIGHT AND PAYLOADVS. FORWARD SPEED
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FIGURE 33

GROSS WEIGHT AND )MYLOAD VS. FORWARD SPEED
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r1Q= 34

GROSS WEIGHT AND PAYLOAD VS. FORWARD SPEED
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VJAR 35

GROSS WEIGHT AND PAYLOAD VS. FORWARD SPEED
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FIGURE 36

GROSS WEIGHT AND PAYLOAD VS. FORWARD SPEED
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TIGURE 37

XOSS WEIGHT AND PAYLOAD VS. FORWARD S!EEE
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FIGURE 38

GROSS WEIGHT AND PAYLOAD VS. FORWARD SPEED
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FIGURE 39

GROSS WEIGHT AND PAYLOAD VS. FORWARD SPEED
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FIGURE 40

GROSS WEIGHTf AND PAYLOAD VS. FORWARD SPEED
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FIGURE 41

GROSS WEIGHT AND PAYLOAD VS. FORWARD SPEED
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FIGURE 42

GROSS WEIGHT AND PAYLOAD .VS. FORWARUD SPEED
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FIGURE 43

GROSS WEIGHT AND PAYLOAD'VS. FORWARD SPEED
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FIGURE 44

GROSS WEIGHT AND PAYLOAD vs. FORWARD SPEED
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FIGURE 45

GROSS WEIGHT AND 1IAYLOADVS. FORW4ARD SPEED
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iotor Environment

To obtain a better understanding of the requirements for a high performance
helicopter, an-investigation was initiated, prior to the inception of this
contract, to study the stall, compressibility, and reverse flow characteris-
tics of a lifting rotor at high forward speeds.

Since the overall rotor performance is greatly affected by the extent these
flow conditions have "invaded" the rotor disc, with regard to power, lift,
and propulsive force as well as vibration, the investigation was formed
about the major independent variables leading to stall, compressibility and
reverse flow. The four operating couditions aid t - physical properties
investigated were:

A. Operating Conditions

I. Root Collective pitch - wo
2. Advancing tip Mach dumber - Mt
3, Advance ratio -/
4. Inflow ratio -

B. Physical Properties

I. Total blade twist - ' t
2. Blade airfoil section properties

The study was conducted through the use of the IBM Model 704 Computer at
the Applied Mathematics Section, Aero Space Division, The Boeing Company,
Seattle, Washington, Numerical equations and procedures for calculating
che aerodynamic characteristics of lifting rotors, discussed in Refer-
ence 3 and 4, were programmed on this digital computer. The method con-
sists of calculating the individual force contributions of a specific
number of blade stations at various points on the rotor disc, averaging
the values around the disc at a particular radial station, and then radially
integrating these averages along the blade to obtain the rotor characteris-
tics of thrust, power, drag, and flapping motion of a blade. Tables of the
airfoil section properties, C1 and Cd, as a function of Mach number, as well
as angle of attack, were included in the analysis for two airfoils. Fig-
ures 46 and 47 present the section aerodynamic characteristics for the NACA
0012 and NACA 0009,5 as a function of angle of attack and Mach number.

Although the total rotor performance coefficients of CT/0r , C0/ , Cp/0-
Cpo!I" , L/DE, etc. formed the major required output, selected casVS, nec-

essary to this rotor environment study, had the additional output of ele-
mental data at specific radial and azimuthal stations, These data are:

=OCX - local station angle of attack

Mx - local station Mach number

~CT/cr
C - elemental non-dimensional thrust coefficient

I 5 -1



FICURE 46

NACA 0012 SECTION AERODYNAMIC CHARACTERISTICS-
C1 AND Cd AS A FUNCTION OF C AND H

1.6

E4 1.2 M 2

~~.4

fix-

0 0 8 12 16 20 24

ANGLE OF ATTACK -DEG.

.161

14 'MAC 0NUNBER t

T52



FIGURE 47

NACA 0009.5 SECTION AER0DYNAMiC CHARACTERISTICS-
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elemental non-dimensional power coefficientX "

- - elemental non-dimensional profile power coefficient

Using the planform of the lifting rotor as a boundary, lines of constant
elemental coefficient, local angle of attack, or Mach number were drawn
for one given operating condition. These data are hereafter referred to
as Polar Data. The total rotor performance of L/DE, C'/O" , and X/L was
also plotted to establish the overall trend with respect to the variable
under investigation. Although the total performance data is presented
for a wide range of the particular independent variable, the Polar Data
was only obtained a small increment away from the reference condition.
The table below summarizes points at which Polar Data has been obtained.

TABLE III

Polar Data Investigation

Airfoil - NACA 0012

Variable Case M 9
__ _t t0

Ref. Case 1 .45 -.15 .85 -90 Fixed at Peak L/DE, 19.2550

go 2,3,4 .45 -.15 .85 -90 19.00, 19.50, 20.50

Mt 5 .45 -.15 .90 -9' Fixed at Peak L/DE, go = 19.230

I 6 .50 -.15 .85 -90 Fixed at Peak L/DE, 0o - 18.550

A 7 .45 -.20 .85 -90 Fixed. at Peak L/DE, go = 22.230

Ot 8 .45 -.15 .85 -.14 0 Fixed at Peak L/DE, go = 23.000

Airfoil - NACA 0009.5

Variable Case A Mt t go

Ref. Case 9 .45 -.15 .85 -90 Fixed at Peak L/DE, go = 19.070

M t  10 .45 -.15 .90 -90 Fixed at Peak L/DE, 0o = 19.030

All Polar Data is removable from the inside back cover of this report.

The rotor blade considered in the analysis had the following physical
properties:

A. Lock Number - acR = 5.46
21f

B. Non-dimensional flapping hinge offset station - .01978
R

C. Initial airfoil section station - Xc = .15

D. Solidity - =bc- .1IrR

E. No cyclic input

5-4



Effect of Root Collective Pitch -

The majority of performance* computed in the Phase I portlion of this con-
tract. was derived from data summarizing the variation of L/DE MAX (peak
value) with 'the trim conditions of advancing tip Mach cumber and advance
ratio. As was noted previously, exact values of C-0/t and XIL, associated
with L/DE MAX, completed'the performance data. The use of L/DE MAX was
predicated upon the fact that little retreating blade stall existed.

To establish a complete understanding of why L/DZ reaches a peak, as well
as the growth of still and compressibility with the collective pitch con .
trol, Polar Data at three values Of 0 0 , surrounding 9 m19.255 degrees
(L/DE MAX), were obtained. The total performance coefcients L/DE, q4/dc
X/L versus root collective pitch and Cl versus both Cp/d- and.Cpo/40
are shown below.

FIGURE 48

EFFECT OF ROOT COLLECTIVE PITCH ON TOTAL PERFORMANCE
COEFFICIENTS OF L/DE, Cf/o-, X/L, Cp/ , AND Cp /or
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The alathematical 'argument for peak LID1 is immediately observed from the
figures above and the equational expression for LID1 below:

L/Dgm1(51

X/L + P0(51

The positive increase in X/L at the lower values of collective pitch re-
duces the numerical 'value of the denominator which tends to increase LID1

'1'. ,Cp/0o
The second term, initially decreases with collective pitch tending

to also increase LIDE. Both terms reach a m~aximum and the slope reverses.

As go approaches the value for maximum L/DE, the L/DE curve becomes in-
creasingly concave down. However, when XIL peaks, L/DE does not. (0 for,
X/L'MAX - 18.70, while go for L/DE MAX s- 19.260)

The fizure below clearly indicates that the predominate term in the L D~
C /0

eauatioCi is

FIGURE 49

COMPONEN~T TERMS OF L/DE EQUATION VS. ROOT COLLECTIVE PITCH
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This figure expresses the terms of the reciprocal of the L/DE equation

below:

I = . Cp/0

L/DE L Z4C'/" (5-2)

Because X/L changes very little over the collective pitch range, the re-

ciprocal of L/DE arrears nearly equal to a constant plus the Cp/0 term.

AC //M

Having established the dominant term in the L/DE equation, it is readily
seen that the power coefficient Cp/0 produces the major change, since

C/" 0^is acceptably linear over the collective pitch range (Figure 48b).

Cp/0 itself is remarkably linear up to a C'/O' value of approximately 0.06

(90 - 19.50). At higher values, the sharp rise in the profile power co-

efficient, Cpo/o , increases total power, Cp/ct rises rapidly and L/DE

immediately decreases. 'aCT/0-

The slope d CP o -  is noted to be approximately 0.0786.

d CT/O'

The details of the rise of profile power with collective pitch may be re-

viewed from the Polar Data; Cases (in sequence of increasing collective
pitch) 2,1,3, and 4.

The Regions of Stall and Compressibility in Figure 50 illustrates a slow
progression of drag divergence ( dCd = .1) into the fourth quadrant of

dM

the disc (appearing first near an azimuth angle of 3300). The stall limit,

as established by C1 MAX, appears first at a 3150 azimuth station.

Inception of drag divergence on the advancing side varies little with col-

lective pitch. From the profile power Polar Data, however, the gradient

of -CP°/c- from the radial station for drag divergence to the tip in-

creases markedly with collective pitch for the retreating portions of the
disc. As the additional drag due to stall appears the radial profile power
gradient increases even more. It is concluded that the profile power due to
advancing tip drag divergence (both magnitude and inception) is relatively
independent of collective pitch and, hence, CT/" .

The small amount of disc area operating above the stall limit at maximum
L/DE points out the significance of retreating blade stall. As drag di-
vergence progresses inboard, the slope of L/DE versus 0o slowly drops off,
but comparatively little stall is tolerated before this slope reverses
entirely.
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ROTOR AERODYNAMIC ENVIRONMENT

FIGURE 50 NACA 0012: GROWTH OF STALL AND COMPRESSIBILITY

WITH INCREASING COLLECTIVE PITCH
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It may be concluded, therefore, that retreating blade stall accounts for
the peak in the L/DE curve; drag divergence due to Mach number is estab-
lished as the secondary factor in the magnitude of L/DE MAX.

The angle of attack Polar Data establishes the secondary effect of col-
lective pitch - blade flapping motion, due primarily to variations of
thrust around the disc. Since a phase angle of approximately 900 exists
for the fully articulated rotor blade, a corollary between the effect of
collective pitch on elemental thrust coefficient and the resulting angle
of attack nearly 900 later is clearly brought to light. If increases in
collective pitch cause a reduction in elemental thrust, the angle of attack
approximately 900 later will reduce with increasing collective pitch. The
converse also appears true. At the azimuth station of 3400 the elemental
thrust Polar Data reflects the loss in C1 with stall (yet at this station,angle of attack increases linearly with collective pitch.) The angle of

attack near azimuth station 800 drops off with increasing collective pitch.
The positive increase in angle of attack with g at = 3400 is assured
since the elemental thrust increases (though not linearly) with go near
q)= 2400.

The growth of stall, then, reduces the elemental thrust in the stall region
while producing blade flapping motion which creates higher negative angles
of attack in the advancing portion of the disc. The latter effect, as in-
dicated from the thrust polar plot at go - 20.50, is so severe that a large
negative thrust region on the advancing portion of the disc is quite appar-
ent. Note that the total area of negative thrust as well as magnitude re-
mains essentially constant for collective pitches up to and including go
19.5 . The collective pitch of 20.50 leads to severe stall and large re-

ductions in L/DE.

The effect of the negative angle of attack on the advancing tip is shown

in the elemental total power Polar Data where a component of C1 is produced
forward, i.e. pulling the blade, which offsets the large Cd aft. This
effect is quite pronounced at - 600 where the total power coefficient is
"pocketed" with negative (reducing total power) values. The major power
quadrant is from W = 900 to 1- 1800. The portion of the blade operating
around stall has remarkably low elemental power coefficients.

At this point in the discussion it is well to point out that techniques
j for empirically establishing a "stall criterion" can be derived from this

analysis.

Suffice it to say, the following points have been noted:

A. L/DE MAX (with an associated C /e" ) occurs prior to a
significant growth of stall. (Figures 48a and 48d)

B. A marked divergence in profile power (both elemental

values in the stall region and total integrated value)
with collective pitch as stall progresses. (Figure 48d
and Polar Data cases 2, 1, 3, 4)
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C. A distinct association of stall limit with angle attack
in the fourth quadrant of the disc (growing inboard as a

chord line of a circle and beginning near (-3150.
Note that angle of attack for C1 MAX varies with Mach

Number. (Polar Data )

The following conclusions regarding the effect of collective pitch on rotor

performance as well as stall, compressibility and reverse flow are noted:

A. The predominate term in the L/D E equation is Cp/C"
.ZC-/cr

B. Maximum L/DE is determined first by retreating blade stall

and secondarily by drag divergence associated with both

advancing and retreating portions of the disc.

C. Profile power due to compressibility on the advancing portions

of the disc is nearly independent of total thrust. As would

be expected, and seen later, the operating conditions of

advance ratio and advancing tip Mach number establish ad-

vancing blade compressiblity power.

D. A significant amount of profile power is absorbed in re-

treating blade compressibility.

E. Total rotor lift still increases with collective pitch even

with large amounts of local blade stall.

F. The propulsive force - lift ratio begins to diminish with

increasing collective pitch as retreating blade compress-

ibility "invades" the disc.
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Effect of Advancing Tip Mach Number

The total rotor performance associated with L/DE MAX, as effected by
advancing tip Mach number, is shown on Figure 61, page 5-28. Maximum
L/DE associated T/0" and X/L for the NACA 0012 and NACA 0009.5 are
plotted versus advancing tip Mach number. Note that all other variables,
advance ratio (gl), inflow ratio (A) and twist (9t) remain constant.
The Polar Data reqixired for this discussion are: NACA 0012 - Ref. Case I
(Mt = .85), overlaid on Case 5 (Mt .90) and NACA 0009.5'- Ref. Case 9

(Mt = .85), overlaid on Case 10 (Mt = .90).

The total rotor performance data illustrates the marked reduction in L/DE
MAX at high Mach numbers. The NIACA 0012 experiences almost a 45% loss in

L/DE between Mt - .70 and Mt = .90, while the NACA 0009.5 loss is less
than 16%. The vertical force coefficient CT/oc remains constant with Mach

number, but L/DE MAX is attained at a lower Cf/Cr (.051) with the NACA

0009.5 then the NACA 0012 (.056), approximately 9% loss in C/0 . Note
how flat X/L is with Mach number for the NACA 0009.5, while Mach number

reduces the NACA 0012 available propulsive force-lift ratio by over 13%.

Below an advancing tip Mach number of .70 the effects of compressibility

may be neglected. Above Mt = .75 Mach number must become a variable. The

suggested limits with regard to the inclusion of Mach number as an analyt-
ical variable in rotor performance calculations are shown below.

FIGURE 51

MACH NUMBER AS AN ANALYTICAL VARIABLE

SEA LEVEL
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0740-80 t120 10

!Compressibility4
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In Figure 52 the regions of Stall and Compressibility are super-imposed
on Polar Data of constant Mach number lines for both the NACA 0012 and
NACA 0009.5 at Mt - .85 and Mt - .90.

The stall and retreating drag divergence are relatively insensitive to
Mach number increases, while a large growth in advancing drag divergence
is apparent. This is the primary cause for deterioration in L/DE MAX.

The limits of stall and drag divergence are established from both angle
of attack and Mach number. Figure 53 illustrates the combinations of
local flow c c and Mx which lead to C1 MAX and dCd .1 (drag diver-

gence) values derived from the airfoil section characteristics used in
the computer program.

The Polar Data of angle of attack shows that the angle of attack distri-
bution is essentially unchanged with Mach number which explains why
C'/0' is relatively uneffected by Mach number. The negative angle of
attack, with resulting negative thrust, in the advancing portion of the
disc remains characteristic of L/DE MAX.

A slight growth of stall and retreating blade drag divergence with Mach
number is seen. This is not really surprising since, for a given Mach
number, L/DE MAX occurs at a collective pitch which permits only a small
"invasion" of stall on the retreating side. The growth of stall with
collective pitch is insensitive to Mach number.

The Polar Data of profile power clearly established the reason for the
L/DE loss with increasing Mach number. Not only has the advancing tip
drag divergence area increased, but the radial gradient of profile power
has increased slightly. Advzncing tip drag divergtnce for the NACA 0012
is closely associated with X.PTQLT = .01, while k-Po/cr= .0125 more

closely approximates the NACA 0009.5. Note also that the improved com-
pressibility characteristics of the thinner airfoil reduce the total
advancing portion of the disc operating above drag divergence, but ex-
hibits the same boundary change with increasing Mach number.

The efficiency of the NACA 0009.5 is illustrated by the higher L/DE MAX
and associated X/L, but shows lower angles of attack on the retreating
quadrant (2700 -4 1 t 3600) consistent with the lower maximum lift co-
efficient.

The efficiency of the NACA 0012 for operation up to advancing tip Mach
numbers of .75 is well established. Its use, in preference to the
thinner section, could be derived from the increased C'/d' available
associated with higher maximum lift coefficients. Losses in L/DE MAX
and X/L at higher Mach numbers, however, are extremely unattractive.
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I ROTOR AERODYNAMIC ENVIRONMENT

FIGURE 52 MACH NUMBER DISTRIBUTION
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FIGURE 53

STALL AND DRAG DIVERGENCE ANGLES OF ATTACKC AS A FUNCTION OF
MACH NUMBER FOR THE NAGA 0012 AND NACA 0009.5 AIRFOILS

....... NACA 0012t

--- R4L. NACA 0009.5
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Effect of Advance Ratio

Figure 62, page 5-30 shows the variation of maximum L/D and associated
SC'/ ; and X/L with advance ratio (,el) for constant A , t, and Mt. Polar
Data for the discussion are NACA 0012 - Ref. Case 1 (a.= .45) overlaid on
Case 6 (4.4= .50). The NACA 0009.5 Polar Data has been deleted from the
analysis because of the similarity in total rotor performance trends.

The optimizing of both L/DE MAX and CT /0 with advance ratio is clearly
indicated; however, the optimum d.-is entirely dependent on inflow ratio,
advancing tip Mach number and twist- although the optimum L/DE MAX does
appear to fall in the range .40 -t.d- 4 .50 (in powered flight) regard-
less of the above variables.

The loss in the propulsive force-lift ratio X/L, with advance ratio is
extreme. This loss is recoverable, of course, with a forward (nose down)
inclination in the rotor plane of no-feathering which will, however, be
seen later to produce about the same extreme loss in both L/DE MAX and
TC /0 .At high speeds, a real blow to efficiency is in store for the

rotor atop a "dirty" fuselage.

A review of the Regions of Stall and Compressibility, in Figure 54, for
both the NACA 0012 and NACA 0009.5 indicated no change in the advancing
drag divergence boundary in going to the higher advance ratio and only
subtle changes in retreating drag divergence. The stall limit boundary
has moved further into the disc sector of 2800 -  4/ = 3600. This is
particularly true of the NACA 0009.5.

The Polar Data comparison expresses the overall slight changes that were
characteristic of the increase in the collective pitch study first dis-
cussed in this section. The increase inz.--Ifrom .45 to .5 results in
comparable changes associated with a collective pitch range of go = 19.225
(Ref. Case 1) to go = 19.50 (Case 3); perhaps a little more severe.

The loss in propulsive force is clearly a function of an increase in
total rotor induced drag with only slight increase in profile drag. From
Figure 4, page 2-4, the expression for propulsive force-lift ratio is

X/L = -T sin -H cosocx (5-3)T coso< -H sinoc

where the angle of attack of the plane of no feathering is

tan = + CT (5-4)

The X/L equation may be manipulated so that

X/L = -tan (oK+ a') where, H = tan a' (5-5)

T
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ROTOR AERODYNAMIC ENVIRONMENT

FIGURE 54 REGIONS OF STALL AND COMPRESSIBILITY

-EFFECT OF ADVANCE RATIO-

X =-0.15 M,=0.85 0,=-9 °

COMPRESSIBILITY STALL

NACA 0012 NACA 0012
]so 180

2010200 160

22 40 220 .. 40

L/D,=8.93 3 0 , - - L/DE= 8.72
C/ 0.0561 0 0 C20- 10.0533
X/L0.1185 4/0.45 WIND A=0.50 X/L.0739

eo=19.255 °  0o18.55 °

NACA 0009.5 NACA 0009.5

280 182808

300 603006

320 40

L/DE= 11.13 3o23420 L/DE=II.05

C;/. =0.0507 0 C/, =0.0487
X/L=01284 /' =0.45 W/=0.50 X/L=0.0857

0o=19.07 Go=18.450



The effect of ,4.iis seen to reduce both the _\ and C T
1441 2.L +

terms of the angle of attack equation. Since X in powered flight is
negative, the effect is a nose up increase in O( which rotates the thrust
(T sino<) aft, an induced drag effect. Alternately, from the expression
X/L - - tan (o<+ a') this angle of attack change rotates the rotor re-
sultant force aft,

Am advance ratio may be established for each Mt and 9t, where the
total propulsive force is reduced to zero. This, in effect, provides
an analytical limit to forward speed for the powered rotor as required
for a pure helicopter. This limit was roughly established at 250 knots
with L/DE MAX reduced to the 2 to 4 range.

i
I
i
I
i
I

I

i
I
I
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Effect of Inflow Ratio

The variation of maximum L/DE and associated Cl/la and X/L with inflow

ratio (X) for constant W,, Ot and Mt is presented on Figure 63, Page !
5-32. Polar Data for the discussions are NACA 0012 Reference Case I
( A - -.15) overlaid on Case 7 (,\ - -.20), Because of the similarity in
total rotor performance trands, the NACA 0009.5 has been deleted from the
discussion.

The increase in propulsive force-lift ratio, X/L, with a forward inclina-

tion of the plane of no feathering is immediately reflected in .the reduced
maximum L/DEo Significantly, the reduction in the vertical force'coeffi-
cient, C"/O , with decreasing A produces approximately 50% of the total
loss in the L/DE ratio, I
In Figure 55 below, the stall limit boundary has grown considerably

.with the forward inclination of the plane of no feathering. A slight I
increase in the drag divergence boundary, both advancing and retreating,
is also significant,

The Polar Data of thrust distribution and angle-of-attack explain the
basic lift loss. The major thrust reduction occurs in the inboard
section of the blade and appears consistent at nearly all azimuth sta-
tions. In the reverse flow region there is a marked down load increase.
The advancing tip angle of attack is consistent with L/DE max, (slightly
negative angles of attack), while the retreating quadrant stall region
is greater,

This increase in retreating blade stall reduces L/DE max through the
Cp/oa increase. Note, also, the rise of elemental profile power co-
efficient in the reverse flow region.

Thus, any requirement for additional propulsive force and, hence, for-
ward inclination of the plane of no feathering will precipitate increased
stall, loss in available thrust and significant increase in rotor profile
drag and profile power,

A secondary increase in total aircraft L/D therefore exists for a
"clean" configuration, since the rotor becomes inherently more efficient.
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ROTOR AERODYNAMIC ENVIRONMENT
FIGURE 55 REGIONS OF STALL AND COMPRESSIBILITY
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Effect of Blade Twist

During the initial periods of this contract, the increasing amount of
analyzed data continued to indicate benefits in twists higher than
those presently characteristic of operational helicopters. Preliminary
performance data of L/DE, Cl/d0 , and X/L was obtained for a blade twist
of -9 degrees, while a minimal of data investigated the effects of
twist. As shown on Figure 64, page 5-34, the advance ratio and inflow
ratio under consideration (9- - .45, .=-15) established an optimum
twist (-120 to -140) for best L/DE max. Increasing twist significantly
improved the Cj/d associated with L/DE max, while the propulsive force-

lift ratio decreased. Using the data from Figure 64, the increase of
twist from -9 degrees to -14 degrees allows an 8 percent increase in
the thrust per horsepower at constant speed and aircraft equivalent flat
plate area. It is important to note that despite the loss in X/L with
increasing twist, the net available propulsive remains nearly constant
due to the increase in available lift as measured by C'fir

Figure 56 illustrates the effect of twist on the stall and compressibility
boundaries for both the NACA 0012 and NACA 0009.5 sections, clearly es-
tablish a marked reduction in blade stall in the retreating quadrant with
increasing blade twist as well as a minor reduction in retreating blade
compressibility. The advancing blade compressibility boundary for the
NACA 0012 appears constant with twist while the NACA 0009.5 boundary
becomes more severe.

The Polar Data for this discussion are: NACA 0012 - Ref. Case I
(t = -90), overlaid on Case 8 (Ot = -140).

The angle of attack distribution points out an increase in the radial
gradient of section, with increasing twist. Also the movement of
higher angles of attack toward the root. A reduction of approximately
one degree in blade tip angle of attack along both the advancing and
retreating quadrants is apparent.

The thrust distribution shows how amazingly similar - both in magni-
tude and station - the two twists are for the azimuth stations from

= 1800 to W= 3600. The net vertical force coefficient, C//C"
increase (from .056 at Ot = -9 0 to .0628 at Ot = -140) comes from the
"pocket" of elemental thrust in the azimuth range IJ= 900 to W= 1800.

Despite the increase in elemental profile power along the advancing
portion of the disc (recall now that the inception of advancing blade
compressibility appeared unchanged with twist and that the radial
gradient of angle of attack was higher in this region), an increase in
accelerating torque due to the increased negative thrust in this region
is available to offset the profile drag effect. The elemental profile
power in the stalled region is slightly lower reflecting the lower angle
of attack.

It is seen, then, that the increase in twist reduces blade stall, moves
the average radial thrust load somewhat inboard, redistributes the
elemental total power, increases advancing blade elemental profile power
in the compressibility region and offers approximately an 8 percent
increase in available power loading.
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FIGURE 56 REGIONS OF STALL AND COMPRESSIBILITY
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Effect of Airfoil Properties

One of the major aspects of the rotor performance is the nature of the

airfoil section in terms of minimum drag coefficient at low Mach number,
the drag divergence Macfi number, the maximum lift coefficient at the mod-
erate Mach numbers of the retreating blade and the drag rise as stall is
approached.

The NACA 0012 section was considered first, consistent with the original
intention of using a cut-down existing YHC-lB blade which incorporated
that section. The 0009.5 airfoil was subsequently employed when design
studies indicatedthe need for a lower thickness ratio to obtain accept-
able blade dynamic characteristics. As will be shown, the use of that

section also provided better matching to the aerodynamic environment.

From Figures 46 and 47, the NACA 0009.5 is suspected of having a lower

minimum drag coefficient at low Mach number, superior drag characteristics
(Prior to stall) at high Mach number, but a lower maximum lift coefficient.
The table below summarizes significant aerodynamic properties of both air-
foil sections as they were used in the analytical program.

TABLE IV

Aerodynamic Airfoil Characteristics

Property NACA 0012 NACA 0009.5

Min. Drag Coefficient @ 0= 00 ..0078 .0068

M= .3

Drag Divergence Mach No.@ o< 00 .78 .87

Drag Coefficient at @ OX: -20 .042 .015

M .85

Angle of Attack for Max. Lift

Coefficient ?- .45 12.00 11.20

Max. Lift Coefficient M .45 1.05 .95

As may be seen in Figure 61 both L/DE and X/L for the NACA 0009.5 are su-
perior to the NACA 0012. The cost of this performance increase apparent

in the loss of available CT/6' (from .056 for the NACA 0012 to .051 with
the NACA 0009.5).

The Regions of Stall and Compressibility in Figure 57 clearly establishes
the desirability of the higher drag divergence Mach number characteristics
of the NACA 0009.5. Both advancing and retreating drag divergence bound-
aries for the thinner section are markedly reduced. The stall limit bound-
ary, consistent with the lower stall characteristics of the NACA 0009.5,

is sharply increased.
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I FIGURE 57

COMPAISON OF REGIONS OF STALL AND COMPRESSIBILITY BETWEEN
THE NACA 0012 AND NACA 0009.5 ROTORS
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A comparison of the Polar Data is presented on the following two pages for
the NACA 0012 and NACA 000925 sections.

I
I
I
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The angle of attack Polar Data is quite similar for the two cases with
slight negative values along the advancing disc. 'Maximum L/DE for both
rotors is attained with minimal stall in the retreating quadrant, the
lower ClMAX for the NACA 0009.5 apparent from the lower angles of attack
in this region.

Figure 60 below shows the variation of section lift coefficient along the
stall limit boundary for both rotors. It can be seen that the stall limits
represent nearly a constant C1 line.

FIGURE 60

LIFT COEFFICIENT ALONG THE STALL LIMIT BOUNDARY
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The thrust distribution along the retreating quadrant for the NACA 0009.5
is only slight lower than the NACA 0012. Apparently the lower net verti-
cal force coefficient, CTI , of the thinner section resu.lts from the large
negative thrust load on the advancing portion of the disc. Blade tip, loads
for the NACA 0009.5 reach -.25, while the NACA 0012 is hardly above -.13.
Differences of only -.01 exist in the retreating quadrant. This large down-
load difference on the advancing disc is due to the higher lift curve slope
of the thinner section.

Thus, the CT/a- associated with L/DE MAX for the NACA 0009.5 is lower than
that for the NACA 0012, not because of its lower stall lift coefficient,
but because of its higher lift curve slope in the compressibility region
which leads to advancing blade download due to the negative angles of attack
in this regibn.

The elemental profile power coefficient distribution illustrates the, effect
of reduced section drag characteristics. The advancing blade Cpo/avalues
do not significantly suggest compressibility and distinct differences in
the reverse flow between the two rotors are not evident. In fact, the pro-
file power associated with the stalled area of the NACA 0012 is higher than
the NACA 0009.5
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j It is apparent from the total elemental power coefficient distribution that
both airfoils contribute equally to stall and retreating blade compressi-

bility. The major difference in total power appears due to the Cp/0" dis-
tribution in the azimuth range from P= 40 degrees to V- 90 degrees where

the negative thrust load of the NACA 0009.5 yields a significant acceler-
ating power.

I ' Since the NACA 0009.5 must operate at a slightly lower Cf/0O to achieve its
higher L/D it is imperative that superiority of the thinner section be

i established for the higher tip speed which would be used at equal gross
weight.

If the design conditions of equal rotor lift (L), rotor area (bcR), air-
craft equivalent flat plate area (fe), and forward speed remain for a rotor

having NACA 0012 section and one with NACA 0009.5 section, the thinner

section tip speed must be:

I V~t0009.5 = VtOO1 cjo
(C4T/611 oe9.

I The table below summarizes a comparison of-these two rotors

I TABLE V

Comparison of Rotor Performance

I Adjusted

NACA 0012 NACA 0009.5 Tip Speed

Item Ref. Case 1 Ref. Case 9 NACA 00009.5

1 .45 .45 .4295
Mt .85 .85 .8786
C A/ .05611 .05071 .05071

-.15 -.15 -.128
X/L .1185 .1284 .1185
L/DE 8.931 11.13 11.6
Vt fps 653 653 685

V knots 174 174 174
Blade Area ft2  143.8 143.8 143.8
Rotor Lift lbs 8200 7400 8200
fe ft2  9.48 9.28 9.48
R HP hp 1011 865 897

Power Loading lbs/hp 8.1 8.55 9.14

It is apparent then, that despite the fact the NACA 0009.5 has a lower C1 MAX
its compensating lower drag leads to an excellent propulsive force and L/DE,

even if operated at a slightly higher tip speed to insure a lower CT/0-
Stalling on the retreating blade should be no more of a problem with the
NACA 0009.5 than with the NACA 0012.

5
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EFFECT OF MACH NUMBER ON ROTOR PERFORMANCE'
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EFFECT OF MACH NUMBER ON ROTOR PERFORMANCE
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EFFECT OF ADVANCE RATIO ON ROTOR PERJORMANCE
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EFFECT Of ADVAZ4CS RATIO ON RMYOR PERFORMAIIC4
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EFFECT OF INFLQW RATIO ON ROTOR PERFORMANCE
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EFFE.CT OF INFLOW RATIO ON ROCTOR PERFORMANCE
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EFFECT OF BLADE TWIST ON ROTOR PERFORMANCE
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EFFECT OF BLADE TWIST ON ROTOR PERPORHANCE
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I. SUMMARY

5 Aerodynamic preliminary desigp was begun on the High Performance 107-I
during the Phase II portion of this contract. Detailed performance char-

acteristics and flying qualities were established, wind tunnel tests were

made, and a review of all supporting programs which might reflect into the

design was accomplished

The performance studies indicated that the High Performance 107-II will
meet the contractual requirements of range (1600 n. miles) and speed 200 mph
(1.4 knots),but because of the reduced short-range payload characterictics
caused by empty weight increases, this configuration is not regarded as an
acceptable operational aircraft.

The studies of aircraft flying qualities demonstrate that the increased
performance is achieved without detrimental static and dynamic stability

effects. The increased aft pylon area along with the Boeing-Vertol de-
signed stability augmentation system insures flying qualities character-
istic of the present 107 YHC-lA helicopter series.

The static wind tunnel tests conducted at the University of Maryland sup-

ported the drag reduction required for high performance. The 107-11 par-
j, asite area of 30.2 sq. ft. was reduced to 20.5 sq. ft.

Boeing-Vertol test programs which offered supporting data to the overall
study included:

i, blade specimen tests to compare aerodynamic
characteristics of production blades versus ideally
contoured smooth specimens at Mach numbers up to

.9 and through a complete angle of attack range

2. a parasite drag reduction program on both the 107 and

YHC-lB helicopters

3. hub fairing studies using a 1/3 scale powered model ofJ the YHC-IB hub

Substantial performance increases through modest advances in the state of

I the art are adequately insured by these studies.

I
I
I
I
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PERFORMANCE SUMMARY

Performance analysis of the High Performance 107 is necessary to demon-
strate compliance with the specified minimum requirements.

These requirements were:

Ferry Range 1600 n.mi.

Maximum Speed (Sea Level) 200 mph (174 Knots)
Payload 800 lbs.

Analytical results presented in this section are summarized in the fol-
lowing table and clearly indicate that all requirements will be met or

exceeded.

TABLE VI

PERFORMANCE DATA FOR THE HIGH PERFORMANCE 107-I

Gross Weight* 15,165 lbs.
Weight Empty 9,988 lbs.

Useful Load 5,177 lbs.
Fixed Useful Load 459 lbs.
Fuel (100 n.mi. radius @ S.L.) 1,842 lbs.
Payload (outbound only) 2,876 lbs.
Hover Ceiling @ 95°F, O.G.E. 6,000 ft.
Service Ceiling (std day @ gross

wt.l eng. @ mil
power) 7,300 ft.

Max. Speed, Mil. Power @ S.L. 174 kts.
Max. Speed, NRP @ S.L. 168 kts.

Speed for Best Range, S.L. 158 kts.
Forward Rate of Climb @ NRP @ S.L. 2,200 fpm

Ferry Range 2,015 n.mi,

Ferry Range Gross Weight ** 26,250 lbs.

*Hover Ceiling 6,000 ft., 950 F

**500 fpm Rate of Climb @ NRP @ S.L.

7
I
i
I
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TABLE VII

DIMENSIONS & GENERAL DATA - HIGH PERFORMANCE 107-I1

OVER-ALL DIMENSIONS:

Length 44.62 ft. 0-

Width 15.02 ft.

Height 16.71 ft.

Distance Between Rotors 33.333 ft.

POWER PLANT:

Designation (2) T58-GE-8

Military Rated Power 1250 SHP

Normal Rated Power 1050 SHP

ROTOR;

Number of Blades 3

Radius 25.0 ft.

Chord 23.0 in.

Solidity .07321

Airfoil Section NACA 0009.5

Blade Twist -14.0 deg.

Swept Disc Area 3925 ft2

WEIGHTS:

Mission Design Gross Weight 18,450 lbs.

Gross Weight 15,165 lbs.

Maximum Alternate Gross Weight 26,250 lbs.

Empty Weight 9,988 lbs.

Fixed Useful Load 459 lbs.

Normal Fuel Capacity 2,275 lbs.

LOADINGS:

Normal Disc Loading 3.864 lbs/ft
2

Power Loading (Normal G.W. @ Mil. Power) 8.466 lbs/SHP
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TABLE VIII

WEIGHT BREAKDOWN - HIGH PERFORMANCE 107-I

Rotor Group 1,964 lbs.

I Body Group 2,366

Alighting Gear 667

Flight Controls 758

I Engine Section 68

Propulsion Group 2,807

I Instro and Nay. 135

Electrical Group 436

Electronics Group 300

Furn. and Equipment Group 266

Air Cond, and De-Icing 164

Auxiliary Gear 44

Mfg. Variation 13

Weight Empty 9,988 lbs.

Fixed Useful Load 459 lbs.

Crew 400

Trapped Liquids 28

Engine Oil 31

Gross Weight (1) 15,165 lbs.

Ferry Range Gross Weight (2) 26,250 lbs.I
NOTE: (1) Hover Ceiling @ 950 F, O.G.E. 6,006 ft.

(2) 500 fpm. Rate of Climb @ S.L., @ N.R.P.,, Std. NASA Atmos.

I
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ENGINE POWER AVAILABLE AND FUEL CONSUMPTION

Two (2) General Electric T58-GE-8 engines are installed. Power ratings at
sea level are 1250 SHP at Military (MIL.) .Power and 1050 SHP at Normal
Rated Power (NRP).

Reference 5 describes the engine characteristics in detail.

Figure 65 presents the variation of power available with pressure altitude

at MIL. and NRP ratings for various rotor tip speeds.

Figure 66 shows fuel flow variation with available power and tip speed at

sea level.

f
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PlOUK 6 5

ALTITUDE VS POWER AVAILABLE PER ENGINE
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Normal Rated PaverI ~Military Power - -- -

ii IL H1 IV 114

140

I II il~~li Nominal ( J{J

12000 Tip Speed I ~~
700 ft /ec. ur
675 ft./:ec. 4L:

2ititI650 ft./sec.
P. 625 ft./sec,

_600 ft/ec.
10000 i_

8000 iii 1

6000 Illii*

2000 -.-

700 800 900 rooo 1100 1200 1300

POWER AVAILABLE - SHP

7-5



FIGURE 66

FUEL FLOW PER ENGINE VS POWER AVAILABLE
T58-GE-8 SHAFT TURBINE ENGINE
SEA LEVEL STANDARD ATMOSPHERE
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AERODYNAMIC DATA

1(1) Drag Analysis

Extensive wind tunnel testing backed up by flight test data on
existing Vertol helicopters has facilitated drag analysis of
the configuration.

The following table summarizes the equivalent flat plate drag
area contributions by components.

i TABLE IX

DRAG BREAKDOWN

COMPONENT DRAG AREA

Fuselage 9.7

I Wing Stubs 2.8

Rotor Hubs 5.0

Landing Gear 0

I Air Inlets 1,5

Protuberances .5

I Roughness (5%) 1.0

ITotal (ft2 ) 20.5

(2) Fuselage Lift Drag and Pitching Moment

Basic fuselage characteristics of the configuration have been
obtained from extensive wind tunnel test data.

Figure 67 shows typical characteristics at zero sideslip angle
as obtained from this data.

(3) Hover Download

Additional power required to hover due to vertical drag or down-
load on the fuselage has been included. This correction to hover
power required is based on wind tunnel tests of the fuselage and
flight test data from the Model 107 prototype and amounts to
approximately a 5 percent increase in total thrust required. Rotor

overlap corrections, applied to the available rotor thrust-power
characteristics, further reduce total available hovering thrust.

(4) Rotor Airfoil Characteristics

A NACA 0009,5 rotor blade airfoil section is employed. This
section was chosen as the result of extensive analysis which
indicates that superior drag characteristics at high Mach number
and acceptable blade dynamic characteristics may be obtained with
a small sacrifice in maximum lift coefficient,

7-7



,FIGURE 67
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POWER AVAILABLE

(i) Transmission Losses

The drive system consists of two (2) General Electric T-58-8
gas turbine engines driving through a herringbone and spur
idler gear to a common spur gear on the interconnect shaft.
The interconnect shaft drives the forward and aft rotors through

spiral bevel gears and planetary systems. Assuming a loss of

1% of the transmitted power for herringbone, spur, and spiral
bevel gears and 1-1/2% for the planetary systems, the trans-

mission system is estimated as 95.5% efficient.

A schematic drawing of the drive system is presented in

Figure 68.

It should be noted that an increase of 2% in forward flight and
3% in hover has been included to provide a margin of conservatism
in resultant performance calculations. This approach has been
demonstrated to be conservative through YHC-lA and Vertol 107

I prototype testing.

(2) Accessory Losses

j There are five (5) groups of power driven accessories. The

groups are: electrical system, flight control hydraulic system,
utility hydraulic system, transmission cooling system and engine
accessories.

Table X summarizes the power losses due to accessories.

TABLE X

I SUMMARY OF ACCESSORY LOSSES

Electrical System 13.8 HP

I Flight Control Hydraulic System 6.0 HP

Utility Hydraulic System 2.8 HP

Transmission Cooling System 6.0 HP

I Engine Accessories 1.6 HP

Total 30.2 HP

1 (3) Transmission 
Torque Limit

The standard versions of the Vertol 107 series have a design

transmission torque limit. As a result, Military Power
availability is affected under certain operating conditions.
Performance calculations have been based upon transmission
torque limited power.
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(4) Induction and Exhaust Losses

Theoretical analysis substantiated by flight tests on the YHC-lA
and Vertol 107 prototype indicates that zero loss may be con-
servatively assumed in forward flight. The loss of power resulting
from duct pressure loss which exists at hover is offset by ram
pressure at even moderate forward speeds. A 0.6% loss is used for
hover.

FIGURE 68

TRANSMISSION LOSSES

-Planetary System (1-1/2%)

L l Eng inesI

Spiral Bevel (1%)A

0 0

-- Herringbone Mesh (1%)
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TOTAL LOSS 4.5% OF TRANSMITTED POWER
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I METHODS OF PERFORMANCE CALCULATION

(1) Hover Power Analysis

A conventional method of calculating hover power required is used
based on Goldstein's Vortex Theory of propellers using Prandtl's tip

loss factor in place of Goldstein's Kappa Factor. Corrections for
fuselage download, tandem rotor overlap, ground effect and compress-
ibility are included.

Good agreement with whirl test and flight test data has been obtained
with this method.

(2) Low Speed Forward Flight Power Requirements

At forward speeds up to approximately 140 knots, power required has

been determined by means of a combined longitudinal trim analysis and

power calculation programmed on the IBM 650 digital computer. The

power calculation is based on an adaptation of NASA TN 2656.

IThis method of analysis has produced predicted results which are in
very good agreement with flight test data on Vertol Models 44, 107

Prototype, and YHC-lA.

(3) High Speed Forward Flight Power Requirement

Extensive modifications are incorporated in the existing trim analysis

and power required calculation of the IBM 650 computer. These modi-

fications consist of empirical corrections for stall and compressi-

bility based on detailed analysis of rotor performance incorporating

NACA 0009.5 airfoil section properties with an IBM 704 digital com-

puter program method. The IBM 704 program, based on the numerical

equations and procedures for calculating the aerodynamic character-
istics of lifting rotors from NASA TN's 3366 and 3747, calculates
power required at high forward speeds far more accurately than the

unmodified IBM 650 method.

Comparison of power calculations by the modified IBM 650 and the IBM

704 programs shows good agreement for rotors with NACA 0012 sections.

Similar empirical correction procedures have been used for NACA 0009.5

section data.

II
I
I
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FIGURE 70
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FIGURE 71
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FIGURE 72
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FIGUR 73

RATE OF CLIMB VS GROSS WEIGHT
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FIGURE 74
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FIGURE 75

NAUTICAL MILES PER POUND VS RATE OF CLIMB
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VXGURE 76
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FIGURE 7,7
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VGURE 
78
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PAYLOAD - RANGE

The following criteria were used to establish payload-range

characteristics for sea level cruise:

(1) Initial gross weight for sea level cruise defined-by

hover at 6,000 ft. on a 950 F day out of ground effect

15,165 lbs.

(2) Weight empty = 9,988 lbs.

(3) Fixed useful load - 459 lbs.

(4) Warm-up for 2 minutes at Normal Rated Power at sea level
on 2 engines = 47 lbs. fuel.

(5) Main tank fuel capacity = 2275 lbs.

(6) Reserves for sea level cruise are 10% of fuel used

to cruise

The additional criteria for ferry range are:

(7) Initial gross weight for 10,000 ft. altitude cruise
defined by 500 ft./min. rate-of-climb at sea level on a

standard day - 26250 lbs.

(8) Fuel required in addition to main tank fuel has an associated

additional tankage weight of 0.5 lbs. per gallon.

(9) Reserve for 10,000 ft. altitude cruise is fuel for one hour

cruise at speed for best range.

PRODUCTIVITY

The product of payload in pounds and cruise speed in miles per hour
divided by empty weight in pounds has been calculated for various

cruise speeds at sea level.

Criteria used to calculate payload are similar to those for the sea

level payload-range calculation with the following exceptions: Full

payload is carried out to a drop point at a distance equal to half the

total range. Engines are presumed shut down and then warmed up for

an additional two (2) minutes. The helicopter is then flown back at

sea level to the starting point with zero payload.

MAINTAINABILITY

Maintenance costs in dollars per ton mile have been calculated for

several fixed cruise speeds at sea level. Statistical data indicates

a cost of $106.43 per flight hour for the helicopter at an empty weight

of 9,988 lbs. Cost per flight hour is divided by the weight empty in

tons and the productivity at each forward speed tq obtain cost per ton

mile presented as Figure 80.
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FIGURE 79
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FIGURE 80

PRODUCTIVITY AND MAINTAINABILITY VS. FORWARD SPEED
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I

FLYING QUALITIES

The Boeing-Vertol High Performance 107-11 embodies the basic flying qual-
l ities proven in the preceding aircraft of the Boeing-Vertol 107 series.

The basic configuration, including the rotor, fuselage and control system

has been refined so that performance necessary for high speed is attained.

This section demonstrates that this increased performance is achieved

without detrimental static and dynamic stability effects.

The marked similarity of the stability and control parameters within
th 107 series aircraft indicate that the High Performance 107-11 will

exhibit the same outstanding flying qualities as the 107 series air-
craft.

I The High Performance 107-11 control system incorporates the stability
augmentation system which has been tested and proven in the YHC-lA and

107-11 aircraft. This SA.S. system tends to modify the basic dynamic

stability characteristics of the aircraft so that the flying qualities
are greatly improved.

Table XII lists the flight conditions which have been investigated in
order that effects of the increase in maximum forward speed of the High
Performance 107-Il may be evaluated.

i Fuselage Characteristics

Extensive wind tunnel data is available from tests on 1/8th scale models

of both the 107-11 and High Performance 107-11.

Figures 82a and 82b present the fuselage characteristics with angle-of-

attack at zero sideslip and with sideslip at zero angle-of-attack for

both models. These figures illustrate the general similarity of aero-
dynamic characteristics. The most notable difference between the two

occurs in the plot of directional stability, N/q versur ( . The greater
directional stability of the High Performance version, particularly at

negative yaw angles, may be partly attributed to increased rear pylon

side area relative to the front pylon. Large discontinuities in slopes

at yaw angles of approximately ±5 degrees are due to the effects of

cross bleed on the front pylon.

These fuselage stability characteristics are superimposed on those
obtained from an analysis of the rotor to obtain overall vehicle stabil-

ity and performance.i
I
I
i
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FIGURE .81 BODY AXIS CO-ORDINATE SYSTF.M
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Rotor Aerodynamic Characteristics

Rotor longitudinal stability derivatives are determined by the solution

of the longitudinal equations of motion for the steady case; i.e. with
the acceleration terms set equal to zero. Derivatives have been obtained
for the High Performance 107-Il through use of an IBM 650 digital computer

program and are presented in Figures 83 and 84.

Lateral-directional derivatives have been obtained in a similar way and
results are plotted in Figures 87 through 88.

Table XII specifies the flight conditions for which stability derivatives
were obtained.

TABLE XII

FLIGHT CONDITIONS FOR STABILITY DERIVATIVES

Gross Center Tip Level Flight
Weight of Altitude Speed Forward Speed
(lbs.) Gravity (ft) (fps) Case (knots)

Normal Normal 0 650 long, 50, 70, 90, 110, 130,

15,165 150, 170, 174
lat, 40, 100, 174

Ferry Normal 0 650 long, 40, 135

Mission lat. 40, 100, 135
26,250

10,000 650 long. 130

lat. 130

The longitudinal cyclic pitch and differential collective pitch schedules
are shown in Figures 85 and 86 respectively. The longitudinal cyclic

pitch varies with the dynamic pressure. The differential collective pitch
has been designed to vary with the cyclic pitch schedule. These schedules
have been chosen to optimize performance and provide superior flying qual-
ities at all calibrated airspeeds.
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Longitudinal Cyclic Pitch - Degrees
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VERTOL 107 STABILITY AUGMENTATION SYSTEN

The Vertol Division of The Boeing Company has developed a Stability
Augmentation System (SAS) to provide helicopters with flying qualities
equivalent to those of a fixed wing aircraft. With a SAS equipped
helicopter it is now possible to fly "hands off"t for several minutes
at a time and to make well-coordinated "stick" turns over a wide range
of forward speeds.

The following paragraphs provide a brief description of the general
principles of SAS, and a detailed explanation, with block diagrams,
of-a typical system for the 107 series of helicopters.

PRINCIPLES OF VERTOL SAS

The Vertol SAS system consists of a sensor in each axis to detect
helicopter motion and feed a corrective signal into the control system.
The signals from the sensor are fed into the control system differ-
entially, i.e., the controls at the rotor heads are moved without any

motion of the pilot's controls. The differential system offers two
basic advantages. First, it eliminates undesirable forces and motions
from the pilot's controls and second, it permits the use of limitedI authority so that the SAS can never move the controls by more.than a
fixed percentage of their total travel. This means that even in the
event of a malfunctionresulting in a hardover signal, there would be
no large sudden motions of the aircraft and the pilot can easily over-
ride the SAS. In addition, the control system stops are arranged on
the output side of the SAS actuators so that in the event of a hard-
over signal normal full control plus a sufficient overtravel to counter-
act the full SAS signal is available.

DESCRIPTION OF THE VERTOL 107 SAS

The Vertol 107 SAS is a dual system with the following features:

a. Transistor amplifiers for reliability.
b. Lightweight - 5.5 pounds for the electronic unit.
c. Plug-in, printed circuit amplifiers for quick and easy main-

tenance.
d. Self-checking without test equipment.
e. Low power consumption (less than 30 watts total).

The system function may be explained as follows:

Servo Amplifier - The servo amplifier is identical for roll, pitch
and yaw, It consists of a transistor amplifier, the output of
which drives the torque motor of a differential hydraulic actuator.
The actuator motion is sensed with a differential transformer
causing a proportional voltage to be fed back to the amplifier to
cancel out the input voltage. This results in actuator displace-
ment proportional to input signal voltage applied to the amplifier.
Since an AC amplifier is used, DC signals going into the amplifier
must be modulated. The amplifier output must be demodulated to
provide the required DC driving signal to the hydraulic actuator
torque motor,
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Roll Axis - The signal applied to the roll amplifier is roll rate
from the roll rate gyro. It provides the necessary roll damping

Pitch Axis - The pitch axis is identical to the roll axis except

for a network which performs a lag-lead on the demodulated rate.
gyro signal. This particular shaping is optimum for a tandem

helicopter.

Yaw Axis - Four signals feed the yaw axis amplifier. They are

as follows:

L A yaw rate signal generated by the rate gyro., The signal passes
through an electronic "washout" network before reaching the amplifier,
which eliminates any steady state yaw rate gyro signal, This allows
steady turns to be made without bottoming the yaw SAS actuators.

2o A roll rate signal from the roll rate gyro, passing through an
electronic lag network. This lagged roll rate signal tends to
speed up turn entry, Rapid, well coordinated turns are then possible,

3. A sideslip signal, which is detected by a differential pressure

transducer. The transducer is fed by a pair of static ports symmet-
rically located on the extreme forward part of the fuselage. For

optimum directional stability at all airspeeds, the gain of this
transducer is programned as a function of airspeed by means of a

second airspeed sensing, differential pressure transducer. Precise
turn coordination and stick trim capability is obtained between the
speeds of 60 knots and Vmax,

4. A rudder pedal pickoff signal, which tends to cancel the yaw

rate gyro signal in hovering turns. This is needed in order to

retain optimum control in hover

In the 107-II the system is completely duplicated so that no single failure,
whether it be the actuator, the electronics unit, the electrical supply
system or the hydraulic system, can cause a loss of stability augmentation

The dual system is designed so that either SAS can be used independently or

the two can be used in conjunction, with each operating at half gain. In
the normal mode of operation, both are operating and hence a single fail-

ure will be of little consequence to the pilot since the unfailed SAS will

continue to stabilize the helicopter

A block diagram showing the systems which stabilize the roll, pitch, and

yaw axes is presented in Figure 89 A schematic of the control system,

including dual SAS installation, is shown in Figure 90. The single axis

presented is typical for roll, pitch and yaw control.
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STATIC LONGITUDINAL STABILITY

The degree of static longitudinal stability of the High Performance 107-11
is evaluated by considering the M, of the aircraft and the speed stability
of the aircraft. If the aircraft exhibits longitudinal static stability
the M( derivative is negative. In the case of the 107-Il and the High Per-
formance 107-11 the Mm derivative is positive thus indicating that the air-
craft does not have inherent longitudinal static stability.

The aforementioned derivative is composed of Mw- fuselge and l'*C rotor. A
comparison of the fugelage pitching moment versds angle of attack for the
two aircraft indicate that the slope of the curves is similar for a range
of angles of attack corresponding to the trim 's associated with the nor-
mal gross weights of each model. Thus the fuselage pitching moment con-I tribution of the High Performance 107-11 is equivalent to that of the i07-L..

The Moc derivative of the High Performance 107-11, at the maximum forward

speed is less than that of the 107-11 at its maximum forward speed. The
trend of the 14,-, with speed is an increasing destabilizing moment up to a

velocity of approximately 40 knots. At this point the High Performance

107-11 exhibits a decreasing Mo< up to its maximum forward velocity. This
effect is pronounced at the normal G.W. of 15,165 pounds. The M o deriva-
tive of the 107-11 tends to become nondestabilizing with forward speed
although the High Performance 107-11 has higher initial values for all

gross weights through the 150 knots region.

In light of this data, it is concluded that the High Performance 107-ili

exhibits static longitudinal stability similar to that demonstrated by the
107-11. At the respective maximum forward speeds of both models, the High
Performance 107-Il appears to have a smaller destabilizing pitching moment.

At gross weights greater than normal this small margin'becomes less appar-

ent and the aircraft tend to exhibit similar longitudinal behavior.

Speed Stability

The introduction of the differential collective trim device into the con-
trol system insures that the variation of stick position with speed is
stable. Figure 91 graphically demonstrates that both the High Performance

107-Il and 107-Il exhibit no adverse stick position gradients above 40 knots
At speeds below 40 knots, a moderate amount of instability exists.

The conditions for which these particular gradients were determined are:

High Performance 107-Il 107-11

Gross Weight 15,165 lb. 15,500
Center of Gravity 18 in. Forward 23 in. Forward
Altitude Sea Level Sea Level

Tip Speed 650 fps 650 fps
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Stalic Directional Stability avid If fective' Dihbedral

Figure 92 presents flight test data from the YHC-1A for lateral stick
avid rudder pedal positions required to trim for varying degrees of side-
slip., The data indicates that this version of 'the 107 has positive
directional stability and effective dihedral in addition to virtually

liercontrol displacement variation with sideslip.

Comparison of 107-1I rotor and fuselage stability derivatives and con-
trol powers with those of the High Performance version shows that the
latter will have characteristics equal or superior to the 107-11 over
the entire speed range.

FIGURE 92

STATIC DIRECTIONAL STABILITY AND EFFECTIVE D)IHEDRAL
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Control Power and Controllability

The High Performance 107II has sufficient control power to permit

effective operation over the entire flight envelope. In particular,
there is a large amount of inherent pitch control available due to
the tandem rotor configuration.

IBM 650 digital computer programs were used to obtain longitudinal,
lateral and directional control powers under the same flight condi-
tions as those listed in Table VIII. These calculated control powers
are presented for longitudinal cases in Figure 84. The corresponding
lateral directional cases are shown in Figure 88.

Comparison with similar data for the 107-Il reveals that, at the same
flight condition, the High Performance 107-11 can produce a larger
control moment for an identical amount of stick or pedal deflection.
This increased control effectiveness is primarily due to a 28% increase
in blade chord over that used for the 107-i1.

Pitch accelerations attainable, SAS off, at sea level maximum forward
speed by moving the stick from its trim position to the nearest control
stop are tabulated in Table XIII below. MIL-H-8501A (Section 3.2.1)
dictates that helicopters shall be capable of at least 10% of the pitch
acceleration obtainable in hover assuming movement of the control stick
equal to its total throw. As the table indicates, the High Performance
107-11 exceeds this requirement by an excellent margin.

TABLE XIII

LONGITUDINAL PITCH ACCELERATION AVAILABLE (DEG./SEC.
2)

Gross Center Tip Level
Weight of Altitude Speed Flight
(L6s.) Gravity (Ft.) (FPS) MIL-H-8501A (173.6 Knots)

Normal
15,165 Normal 0 650 29.3 131.9

Ferry
Mission
26,250 Normal 0 650 29.2 158.5

Flight testing has demonstrated that the 107 series has good control
characteristics with SAS operative.
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Table XIV presents the rolling accelerations produced by a lateral
stick movement from the trim position to the nearest stop. Using
the MIL-H-8501A (Section 3.3.4) of 10% of the maximum attainable
rolling acceleration in hover, the 107 series exhibits a large margin
at forward speedsof 135 and 173.6 knots.

TABLE XIV

ROLL ACCELERATION AVAILABLE (DEG./SEC.2)

Gross Center Tip
Weight of Altitude Speed Level Flight Speed
(Lbs.) Gravity (Ft.) (FoPoS.) MIL-H-8501A 173.6 Kts. 135 Kts.

Normal

15,165 Normal 0 650 28.8 134.8

Ferry
Mission
26,250 Normal 0 650 34.4 - 157.5

Effects of SAS on these accelerations are, in general, the same as on
longitudinal characteristics.

II

I

I
I
I
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Dynamic Response Characteristics

Studies ef dynamic response to control input pulses have been carried out
on the Vertol Pace 16-31R Real Time Analog computers. Behavior of t:he
High Performance 107 was analyzed for the operating conditions summarized
below in Table XV.

TABLE XV

SUMMARY OF ANALOG STUDIES

Gross Velocity Altitude Data
Model Weight(lbs.) £knots) (ft) SAS Presented

107-11 18,400 147.0 S.L. off Longitudinal
Hi. Perf, 107-11 15,165 174.0 S.L. off Longitudinal..
107-11 18,400 147.0 S.L. off Lateral-Directional
Hi. Perf. 107-11 15,165 174.0 S,L. off Lateral-Directional
107-11 18,400 147.0 SL. on Longitudinal
Hi. Perf. 107-11 15,165 174.0 S,L. on Longitudinal
107-Il 18,400 147.0 S.L. on Lateral-Directional
Hi. Perf. 107-11 15,165 174.0 S.L. on Lateral-Directional
Hi. Perf. 107-11 26,250 135.0 S.L. on Longitudinal

Lateral-Directional
Hi. Perf. 107-11 26,250 130.0 l0,COO on Longitudinal

Lateral-Directional

Investigation has been limited to the maximum forward speed that can be
attained at the gross weights and altitudes indicated. Response to other
operating conditions within the normal flight envelope should reflect the
same satisfactory tendencies as existing versions of the 107 series.

The Stability Augmentation System of the 107-11 was applied to the High
Performance 107 for purposes of this analysis. In reality, a developed
version of this sytem would be used for optimum performance. The effect of
this system upon the helicopLer's behavior is representative of the dynamic
responses which would be demonstrated if a SAS system tailored to the unique
requirements of this aircraft were installed.

Analog traces presented are comparable to those obtained for the 1.07-11 and
YHC-IA flight test data. Reactions of the aircraft to a stick input pulse
indicate that the required rates are of comparable magnitude and in the
required direction. The damping displayed is more than adequate to insure
smooth and comfortable flight at high forward speeds.

Figures 93a through 93d represent the responses of the Boeing-Vertol 107-11
and the High Performance 107 at their respective maximum forward speeds, SAS
off. The data indicates that both aircraft are dynamically unstable and they
diverge rapidly. A comparison of data does indicate, however, that the
High Performance 107 is less divergent than the 107-11 but the aircraft does
not exhibit sufficient dynamic stability to meet the requirements of MIL-H-8501.
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The addition of a Stability Augmentation System alters the dynamic
responses of the aircraft such that both are veil within the M4IL-H-8501
requirements. Figures 94a and 94h are representative of the responses
resulting from a I" al second pulse with a SAS incorporated in the control
system. The data presented tends to confirm that the High Performance
107-Il is superior to the prototype but that &SAS is required in order
to provide desirable flying qualities during high speed flight.

The traces also indicate that a moderate increase of pitch attitude and
pitching velocity is experienced in response to a pulse input as the gross
weight and altitude are increased. This condition can be readily con-
trolled and is not considered to be of such a magnitude as to constitute
a deficiency. A more detailed design of the configuration, undertaken in
the development of a prototype would undoubtedly lead to a complete elim-
ination of this mild divergence.

The behavior exhibited by the High Performance 107-11 when a lateral stick
input is fed into the dynamic system tends to indicate that the Stability
Augmentation System exerts considerable damping on the system. No dis-
continuities in initial direction or rate are indicated for the stick in-
put shown. The absence of sideslip associated with-the lateral stick in-
put shown indicates that this aircraft can execute an excellent coor-
dinated turn.

The dynamic characteristics shown herein, can be altered by an optimization
of the SAS for the particular aircraft. For purposes of evaluation, how-
ever, no deficiencies are incurred with the increase of speed capability of
the High Performance 107-11 over the other aircraft of the 107 series.

The cases investigated indicate that the increased performance capability
of the High Performance 107-Il does not influence the excellent flying
qualities inherent in the 107 series aircraft.

I8
I
I
I
I
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FIGURE 93c
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FIGURE 94c
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WIND TUNNEL TESTS

Wind tunnel tests were conducted on a 1/8 scale model of the Boeing-Vertol
High Performance 107-11 at the University of Maryland during the period
November 13 through November 18, 1960. The configuration tested included:

(1) removal of the landing gear (for all runs), (2) modifications to the

fuselage after body, (3) an extended chord aft pylon, (4) aft pylon fairing,

(5) a rudder on the aft pylon, (6) nose gear fairing for the retracted gear,
(7) and two locations of the sLub tanks at 8.50 of incidence. All tests

were conducted at a tunnel velocity of approximately 200 mph. The effective

Reynolds Number, based on model length was 10.9 x 106. The primary purpose
of the tests was to minimize the drag of the model in the high speed con-

figuration.

In addition to obtaining force and moment data on the six component balance
systems in pitch and yaw, luminescent oil runs, tuft studies, and rudder de-
flection runs were made. (As illustrated below). Promising configurations
were tested in yaw.

FIGURE 95

WIND TUNNEL TEST OF THE HIGH PERFORMANCE 107-11

3/4 FRONT VIEW TUFT STUDY

LUMINESCENT OIL STUDY LUMINESCENT OIL STUDY
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FUSELAGE

The standard nose and constant cross section portion of the model was teatt
ad throughout the entire series of tests. However, three afterbodies were
tested in pitch and are summarized in the following table:

TABLE XVI

COMPARISON OF AFTERBODIES

Afterbody oc @D/q min D/q min L/qdoc. 0 0 D/q@ 0o

Model II 7.50 5.78 -8.4 6.54
Flattened 7.70 5.56 -9.1 6.51
Rear Ramp
Hi-Perf. 5.60 5.42 -6.3 5.66

It may be noted from the above table that the High Performance 107-II after-
body produces less negative lift than the other two configurations at the
design angle of attack of zero degrees, indicating that some of the drag
attributed to the other afterbodies may be induced drag. This is further
substantiated by the fact that minimum drag occurs near zero L/q for all
afterbody configurations-. The High Performance 107-11 afterbody charac-
teristics are shown in Figure 97.

A determining factor in base fuselage minimum drag is the position of the
apex of the tail cone in relation to the centerline of the fuselage. The
present high position associated with rear ramp loading establishes large
positive angles of attack for minimum drag and hence increases profile drag.

A comparison of the wetted area drag coefficient of the High Performance
107-Il fuselage alone and empirical data from Reference 20 is shown below.

FIGURE 96

WETTED AREA DRAG COEFFICIENT
Vs

REYNOLD 'S NUMBER

.O,~ T

ADVANCED 107

.004 TURBULENCE

.002-

4 6 8 106 -2 4 6 8 10 7 2 4

REYNOLD's NUMBER
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FIGURE 97

LIFT, DRAG, AND PITCHING MOMENT VS ANGLE OF ATTACK
FUSELAGE ALONE

R.N.e 10,910,000
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Extensive wind tunnel testing during the development of the YHC-lB permits
a comparison of the High Performance 107-I results with minimum drag data

for the YHC-lB. Experimental data from other sources is also shown. Table
XVII presents this comparison.

FABLE XVII COMPARISON OF FUSELAGE DRAG

REFERENCE C007IGURATA ON R N.- 1L/D Wetted Frontal CD CD Fe

... .a , Wet Pro o.l A 4D/q (Fu q D/

Node] Model Ares. (Frlction) (Form) cSi.!, mode1

8fgh 
10.4x106

Perlor-nce HIGH SPEED (M.S.) 5.84 2,.22 .721 .0064 .1190 3.98 1.52 5.50 .086

Model 107-11 81.5.106
(<.S.)

Perkins & Hag, Streamlined 25.10
6  

5 84 .721 .067 - 3.10 0485

Horner S -ra mli d 10,4x10
b  

3.50 21.22 .0025 - 3 4U .0532

Horr.. S-rruolr n ..4,l
0
' .50 21,22 0035 4.87 11 45

Sti mlared
Ourbulrncr

Hor.. Srea ln e 7.5x 06 5.50 21.22 .0024 3.27 .051

OurbEu n~e

Chinook Short b.26.106 4.97 20.98 1.075 .)0591 .113 4.20 3.70 7 90 .1238

Af7 errody

Chino k S8onda d 0.26.106 5,42 22.5o 10 , .00452 .093 4.50 2.00 o 30 .1010

Afterbody

Chinook Long 8 26x106 6.03 24.86 1.093 .00384 .087 4.90 1.20 6.10 .0955
Afterbod,

Chinook. Sn. kea vr 6.260100 4.97 21.07 1.095 .00602 .116 4.20 3.90 8.10 .1268

Ta1l Aferbod,

Ch -noo- S1-nu-rd B1 ,r, 8 26x10
6  

5.42 22 63 1,095 .00397 .082 4.50 1.25 5.75 .090

jal Afiebody

Chno.. Lon e..er 8.20106 6 03 21 90 1 059 .0032 .073 4.9 .20 3.10 .0798
Sanl 7fOrrodu

Ch -noo ra r-D op 8.26- 06 5 .2 21.96 1.095 .0041 .082 6.45 1 30 5.75 .090

Af-erb~d'

Landin Se 5-m d

L r., --O Pu-S. 16 S3 Wrlob u - 17 .103 - - 176

P..n ..or 1.2-000 3 94 1.70 . 0 i5 . 0,

.porti. Sc 2(Nu C rlreed for Tuo10)

FORWARD PYLON

The forward pylon tested was the same pylon tested on the Model 107-I.
Resulting increments of drag for this pylon were very small, even at higher
or lower angles of attack.

FIGURE 98

LUMINESCENT OIL PHOTOGRAPHS -FORWARD PYLON

C = 00 0 C -50
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ROTOR HUBS

The forward and aft rotor hubu tested on this model were not of the same
scale as the model or of the same configuration to be used on the final
configuration, The primary function of these hubs was to simulate inter-
ference effects on the pylons.

AFT PYLONS AND FAIRINGS

Two aft pylons were tested. The first pylon was the basic 107-11 with an
attached rudder. The second pylon had an extended chord and an attached
rudder. The schematic below diagrams which fairings were used with the
pylons.

107-11 Aft Pylon Extended Chord Aft Pylon

Standard 107-1 Pylon Fairing Standard Pylon Fairing

(Integral With Basic Pylon) (Integral With Basic Pylon)

Plain Rainshield Fairing Rooftop Fairing Rooftop Fairing

The standard fairings were present on all aft pylon configurations The
rainshield and rooftop fairings were appendages near the top of the pylon
to reduce interference effects from the rotor hubs With rotor hubs mount-
ed, the configuration netting the least drag increment (6 18 ft 2) was the
extended chord pylon with a rooftop fairing and hub

NOSE GEAR FAIRINGS

Three different nose gear fairings were tested to enclose the partially
retracted nose gear, None of the fairings had any appreciable effect on 2
lift, drag, or moment In general, the fairings added from zero to 30 ft
of drag area,

STUB TANKS

The two stub tank configurations were identical except for location, one
position being aft, the other position forward. Stub tanks were mounted
with 8 ° positive incidence for all tests involving the tanks, The gen-
eral configuration for the stub tanks forward and aft are shown in Fig-

ure 99,

The testing of the stub tanks in the forward position was deemed advisable
to establish the tank drag with minimum interfe ence effects. The minimum
drag of the stub tanks is approximately .85 ft, with interference drag
adding approximately .30 f t. Figure 100 presents the lift,l drag and
pitching moment versus angle of attack with aft stub tanks,
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FIGURE 99

LUMINESCENT OIL PHOTOGRAPHS - STUB TANKS

FORWARD POSITION AFT POSITION

FINAL CONFIGURATION

The best configuration to emerge from this series of wind tunne! tests in-
corporated the High Performance 107-11 afterbody, the extended chord pylon
and rooftop fairing, a Vertol Design nose gear fairing, and stub tanks in
the aft position.

This configuration was thoroughly tested in pitch at zero yaw angle, and
in yaw at constant angles of attack from -100 through +150. Figure 101
presents the lift, drag and pitching moment characteristics in pitch. Fig-
ure 102 gives the yawing moment characteristics in yaw and Figure 103 gives
a yawing moment comparison of the present 107-Il aft pylon with the ex-
tended chord pylon with a rooftop rainshield fairing.

The characteristi s of the finalized aircraft in pitch show a minimum drag
value of 20.5 ft. occurring at approximately -2.50. This value of drag com-
pares to 30.2 ft.2 for the Boeing-Vertol 107-11.

The extended chord pylon with the larger rudder is the most effective in
yaw and deflection. The yawing moment is more effective with positive de-
flections than with negative deflections because of the cambered aft pylon.
The yawing moment data versus angle of yaw appear erratic because of the
saw-tooth pattern. This is merely due to slots in the forward pylon re-
lieving the pressure on the forward pylon as it progresses through yaw
angle. Oil studies, and the static directional stability characteristics
are presented in Figures 104 and 105.
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IFIGURE 100

LIFT, DRAG, iin)) PITCHING I{QMENt VS. ANGLE OF ATTACK
FUSELAGE VIT1 AFT STUB TANKS
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FIGURE 101

LIFT, DRAG, AND PITCHING MOMENT VS.* ANGLE OF ATT~ACK
FINAL CONFIGURATION
R.Nofe - 10,910,000
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i FIGURE 102

YAWING MOMENTf, ROLLING MOMENT, AND SIDE FORCE VS. ANGLE OF YAW
FINAL CONF IGURAT ION
R.N. e w 10,910,000
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FIGURE 10'
YAWING MOMENT 'IS. ANGLE OF YAW

COMPARISON OF 107-11 AFT PYLON AND EXCTENDED CH{ORD PYLON
R.N-e -10,910,000
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FIGURE 104

I FINAL CONFIGURATION IN YAW
OIL STUDY
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FIGURE 105

STATIC DIRECTIONAL STABILITY DERIVATIVE VS ANGLE OF ATTACK
FINAL CONFIGURATION - RNe - 10,910,000

BODY AXIS

'0 0"

- -1

.4t I-T

. -0

ANGLE OF A'rACK

CONOLUS IONS

Significant reductions in drag have been realized from this program. The
High Performance 107-11 final configuration yielded a minimum drag area
of 20.5 ft. 2 which compares with 30.2 ft. 2 for the Boeing-Vertol 107-Il.
Reduction in drag resu.lted from refairing of the fuselage afterbody,
landing gear retraction, and reducing hub-pylon interference.

Further reductions in drag are desirable and appear attainable by refair-
ing the afterbody i.e. lowering the tail cone apex, fairing the rotor hubs,
and optimizing stub tank incidence,

Static-directional stability was improved on the High Performance 107-Il
model with the extended chord pylon.
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SUMMEARYI1
The basic concept of this design study has been to obtain high performance

3 !using the maximum possible proportion of existing components. This con-
cept contributed to the initial decision to modify the YHC-lA rather than
develop ethe Vertol Model 127, since more useable components exist for theJ !current helicopter.

The major fuselage changes to obtain high performance do not compromise
the operational qualities of the present YIC-lA helicopter. Rear ramp
loading is retained. Aft pylon size is increased to insure adequate
directional stability. The main gear retracts into the stub wing fuel
tanks, while the nose gear is partially retracted into the fuselage and
the exposed portion faired.

The ground instability analysis indicates instability bands above normal
rotor speed except at the high percent airborne. The damping ratio is
greater than unity at all conditions investigated, however, which insures
a safe convergent oscillation.

Design of the rotor blade for the High Performance 107-I1 was accomplished
in two phases. First, the blade having the most desirable dynamic prop-
erties was found; then, this blade was used in an investigation to deter-
mine the effects of total aircraft drag, solidity, gross weight, speed,
tip speed, twist and chordwise center of gravity on blade moments and
stresses. The final blade adapts the 107 Model II spar to the 23 inch
chord of the High Performance 107-Il which produces an NACA 0009.5 airfoil
section. An intermediate blade having a twist of -8.33 degrees twist has
been designed.

The rotor hub followed the YHC-lB and HUP design with the lag hinge out-
board of the flapping hinge. The use of a "wire-ply" pack instead of
tension-torsion straps allows movement of the lag-hinge closer to the
centerline of rotation. An increase in pitch arm radius to alleviate inter-
ferences was found necessary. Conventional methods of stress analysis were
used and fatigue stresses in critical areas were limited to allowables used
in similar applications on the 107 Model II.

The rotor controls for the High Performance 107-11 are essentially those of
the 107 Model II. Recent flight testing has indicated the desirability of
increased stiffness as a deterent to helicopter vibration and these stiff-
ness modifications have been designed in to this control system.

The rotor hub fairing for the High Performance 107-I has been designed to
further reduce the drag of the rotor system to a minimum. The light-weight
fiber glass construction permits full kinematic freedom of the rotor for
flight and also has the capability for possible folding requirements.
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The present 107 Model II transmissions, drive shafting, and rotor
shafting have adequate ultimate and fatigue strength to withstand hiSh
petformance helicopter loadings.

The increased flight control loads in the high performance helicopter
necessitate changes in the bellcranka at the rotor end of the system
to insure adequate strength and stiffness. This is achieved by the use

of steel bellcranks. The hydraulic system pressure in the control boost
is increaied from 1500 to 2000 pounds per square inch with no change in
the existing actuators. Minor bellcranks changes are made in the lower
system to adjust the control travels to the required values.

All weight studies were performed using Boeing-Vertol developed trend
data. The weight estimate for the High Performance 107-11, was obtained
from actual 107 Model II components and study of design layouts. An in-
crease in weight empty of 390 lbs. resulted from the changes required.
The weight empty is 9988 lbs,, fixed useful load is 459 lbs. and provision
for 2275 lbs. of fuel exist.

I

*1
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FuselaRe ChnRIes

The structural design criteria utilized in the configuration studies pur-
, ued in this contract are in agreement with Specification MIL-S-8698 (ASG)
"Structural Desig" Requirements - Helicopters" with minor deviations based
on past experience of the contractor with tandem rotor turbine helicopters.
Allowable loads and stresses are in accordance with MIL-HDBK-5 "Strength
of Metal Aircraft Elements."

All dynamic components have been designed t6 have unlimited fatigue life

for the most critical unaccelerated flight conditions up to the 200 mph
(174 knots) design maximum level flight speed. The only exception to
this philosophy of unlimited life is in transmission and rotor hub bear-
ings which have finite lives.

Those componients of the airframe which are critical for dynamic pressure
loads such as cowling, nose enclosure, pylon fairing, etc., are being
redesigned to improve the drag characteristics 'of the aircraft. Appro-
priate strength increases will be incorporated in the detail design to
provide for the higher pressures.

The basic airframe of the Boeing-Vertol 107-Il is designed for 2.67g limit
load factors at the aircraft e.g. at 18,450 pounds Basic Design Gross
Weight. The alighting gear will be redesigned to accommodate the retrac-
tion mechanism and will be re-drop tested to ensure adequacy of the design.

The major fuselage changes are discussed below.

Main LandinR Gear (SK 10249)

The wheels, tires and oleos of the 107 are retained on the high performance

version but their attachments are modified to permit retraction.

On the main gear, this requires provision for new attachments to the stub

wing and the installation of an electrical actuator to permit forward

retraction of the gear. The fuel tank is modified to provide retraction

space, and hinged doors close all gaps when the gear is in the retracted

T position. The system is arranged so that all sequencing is mechanical.
The main gear retraction system utilizes the existing structural support
points on the BL74 face of the stub wing torque box.

A forward rotation reduces fuel tank volume; however, this is remedied by.-
moving the gear outboard. Frame loads at Station 382 and Station 410 are
increased. The structure will be made adequate for the increased loads.

An aft rotation would require a duster to'house the wheel assembly.

Nose Gear (SK 10333)

With regard to the nose gear, a different mounting has been incorporated

in order to permit swiveling as required, with an electrical actuator for
rearward retraction. Cutouts and doors are provided in the fuselage to

accommodate and enclose the retracted gear. The nose gear retraction
system utilizes the existing structural support points on the fuselage
former at Station 101 and the auxiliary structure above and forward. The

11-1.
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exterior fairing lends itself to a one-piece integral fiberglass con-
struction.

Changes to Afterbody Pylon (SK 10340)

In order to reduce drag, the lines of the rear porti.on of the pylon have

been refaired. The enclosed drawing illustrates the configuration changes

for the afterbody as compared with the lines of the basic Model 107. The I
revised fairing structure will be designed for the aerodynamic loading

consistent with the high forward speeds.

Changes to the Nose Enclosure (SK 10327)

Minor changes are made in the cockpit enclosure to provide flush windows

and increase strength in the glass enclosure areas. A drawing of the pro-

posed approach is SK 10327. This method of passing a screw fastener

through an oversize hole in the cockpit glass not only produces greater -r

exterior smoothness but also provides greater "end fixity" for the glass

mounting which aids in handling the increased in-flight airloads. This

method has been adapted for all the cockpit glass installation on the

YHC-lB helicopter.

Miscellaneous minor fairing will also be used in areas such as heater in-

take, vents, drains, etc., and minor strengthening in some cowling areas

to sustain the increased airloads.
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t
MECHANICAL INSTABILITY

I INTRODUCTION

The present section reviews the problem of'ground instability control for

the Vertol 107 High. Performance Aircraft. Since this aircraft differs
from the basic Model 107 in regard to landing gear and blades, a ground
instability analysis is performed to deternine the influence of these
changes, and to recommend specification criteria for detail design. Three

gross weights are considered, (1) 14,300 lbs., (2) 19,130 lbs., and (3)
23,000 lbs.

I The following sections review the helicopter design with particular regard
to those areas which'most affect the ground instability characteristics,
describe the general problem of instability and the method of analysis

employed, present the numerical results, and contain the conclusions.

DESCRIPTION OF THE HELICOPTER AND LANDING GEAR

IThe High Performance 107-11 is similar to the basic 107 Model II except for
blades, retractable landing'gear, and revised fuselage contours and rotor
hubs for drag reduction. Drawings SK 10321, 10333, and 10249 show the heli-
copter and landing gear and retraction arrangements. The forward gear is
retracted upward and back into a fuselage fairing and the aft gear is rota-

ted forward into the stub wings.

When the helicopter is on the ground, the rotors are tilted forward with

respect to the ground. If the rotors were accelerated up to normal speed
with uniform collective pitch applied, the helicopter would move forward
along the ground. To prevent this motion, the customary take-off proce-
dure is to lift the forward gear off the ground by differential collective

rotor control, rotating the helicopter about the aft gear, so that the
rotors take an attitude parallel to the ground. Then, further collective
control is applied and the aft gear is lifted off the ground.

I Since ground instability involves lateral and roll motion of the heli-

copter on its landing gear, and the forward gear is off the ground during

much of the take-off cycle, the aft gear properties are most important in

establishing the ground instability characteristics. The aft gear has an

11 inch stroke oleo with twin 18 x 5.5 tires operated normally at 150 psi.,
Vertical and lateral stiffness of the oleo strut and the tires, and the

oscillatory damping available in the oleo, are important parameters in the

ground instability problem. The aft gear tire tread is also a significant

item, and this has been increased to 85.35 inches from the 77.25 inch tread

of the V-107 Model Ii Numerical stiffness data for the oleo and tires are

used from the Model II since these values were found to be satisfactory for

that aircraft, and these will be used as tentative specification require-

ments in this analysis.

I EXPLANATION OF GROUND INSTABILITY AND METHOD OF ANALYSIS

There exists in all rotary wing aircraft the possibility of encountering a
condition of instability commonly called "ground resonance" if certain
design criteria are not met. Under these circumstances, the vast kinetic

I 12-I

I



energy of rotation is transferred into producing divergent oscillation of
the fuselage on its landing gear, and may become so violent as to damage

or destroy the aircraft. This unstable condition involves blade depatterning
in which the individual rotor blades oscillate in the plane of rotation in
such a manner that the combined center of gravity of all the blades does not
coincide with the shaft center, but whirls about it in some eccentric locus,.
This motion couples with the motion in a natural mode of the helicopter on
its landing gear in such a phase relation that the motion becomes divergent.
Fundamental analytical work on the ground instability problem was performed
by Coleman and recently compiled in Reference 15.

All modern helicopters employ some device or design feature aimed at pre-

venting or controlling this destructive phenomenon. One means is to use
rotor blades with the lowest natural frequency of blade lag motion higher
than the maximum operating rotor speed. While this is effective from the

ground instability standpoint, it penalizes the blade root design by re-
quiring blade structure heavy enough to carry the root moments, instead
of the zero root moments existent with hinged blades. A common means of

instability prevention for hinged blades is the use of lag dampers at the
hinges, and hydraulic damping in the landing gear shock struts. Both are

necessary and their combined energy dissipation capacity must be sufficient
to prevent divergence of any oscillation. An alternate approach is to
design the landing gear stiffnesses to place the natural frequencies of the
helicopter on its landing gear high enough that the related instability
range is clear of the normal rotor speed and will, therefore, not be en-
countered in normal operations.

Present design practice at Boeing-Vertol aims at a combination of the last
two procedures, that is, to place natural frequencies so as to remove
instabilities from the normal rotor speed range, under all normal operating
conditions and to also provide damping adequate to prevent the growth of any
instability encountered under all conditions.

With conventional helicopters, two regions of instability are generally con-
sidered; the first is a predominantly lateral helicopter motion accompanied
by blade depatterning whose frequency is located well below normal rotor
speed, usually about 100 CPM; the second is a predominantly roll helicopter
motion about a mode line close to the center of gravity, also accompanied by
blade depatterning, and usually located close to or in the normal rotor oper-
ating speed range, It is this roll motion which test experience has shown to
be of major concern.

Each instability frequency region is located at a rotor speed some 10% to

60% above a "reference frequency". This reference frequency is merely one
of the two coupled roll-lateral natural frequencies of the helicopter mass
and inertia on its landing gear oleo shock strut and tire springs. The
springs whose rates are paramount in setting the reference natural fre-

quencies are the oleo air spring, a widely varying parameter dependent on
strut extension and air pressure, the lateral structural rate of the land-
ing gear, the radial tire spring rate, and the lateral tire spring rate,
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For the important roll mode, these springs may be thought of as forming
an equivaldnt roll spring about a horizontal line running fore and aft
through the helicopter center of gravity. The oleo vertical air spring
rate and the tire radial rate add in series to form an equivalent rate,
Kv , which is lower than either spring taken singly. This spring on the
left landing gear, and its equal counterpart on the right landing gear
act through 4he wheel tread distance 2e to.form a rotational spring with

rate 2Kve2 about the c.g. Similarly, the tire lateral spring rate add
in series with the lateral structural spring to form an equivalent lateral
spring KL, which acts through a vertical arm h reaching from the ground up
to the c.g. to form a rotational spring with rate 2KLh . The total rota-
tional roll spring 2Kve2 + 2KLh2 , together with the roll inertia of the
helicopter essentially determine the roll mode reference frequency.

Thus for conventional gear, at low percents airborne, all the spring.
elements - oleo and tire, contribute to a high reference frequency; at
high percents airborne, the oleo and tire vertical spring combination are
negligible, and the lateral springs are principally responsible for the[reference frequency.
If spring rate limitations render the placement of the instability band
above the normal rotor speed impractical, *or if conservative design is
practical, sufficient damping in the oleo strut and lag damper are pro-
vided so that the growth of any instability can be prevented. The quan-
tity of damping present in a given condition is generally measured by a
damping ratio,,U. , a ratio of available to required damping:

By BE

where Cr = effective damping at the rotor hub in the rth mode of the
helicopter, produced by the oleo struts

C- = damping produced by each blade lag damper

ByB = damping product required for neutral stability from reference 15

When the ratio,/1 , is greater than unity, there is more damping available
to control the instability than is actually required, andM4 may be viewed
as a sort of margin of safety. The term Cr, effective damping at the hub,
is obtained through equating the damping energy produced by the oleos inj a given mode to an equivalent mathematical damger at 0 the rotor hub oper-
ating in the lateral hub direction. Thus for y and q and oleo velocities
respectively., hub

I Damping Energy 1/2 (Cr)( 2 hub) = 1/2 L±eo Coq0= u ol oqoe

or Cr Coqoleo/ ubI oleo

Occasionally, the mode shape of the reference natural frequency is such that

I
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motion and hence the velocity at the oleo is much larger than that of the
hub, so that ( /0)2 becomes large,*and the damper Cr and finally the damp-
ing ratio turn out to be large numbers. This means that the damping
available is well above that required, and the helicopter is in a very
safe position. This will be found to be true in a number of the numerical
cases presented herein.

The actual method employed in the present analysis is based on Coleman
and Feingold's theory of mechanical instability in Reference (15). The
application of this theory to the solution of helicopter mechanical in-
stability is contained in Reference (16) and programmed on an IBM 650
computer.

DISCUSSION OF RESULTS

Results of the ground instability analysis are presented as plots of fre-
quency in CPM vs. percent airborne (Figures 106a, 106b, 106c). In these
figures the wide cross-hatched band is the instability band and the center
curve is the center of instability; finally, the dashed curve shows the
variation of the ratio of available-to-required-damping with the percent
airborne. The line on which a discontinuity occurs denotes the percent
airborne at which each aft oleo piston engages its bottoming spring. This
spring is a Vertol innovation which prevents metal-to-metal bottoming of
the oleo struts at high percents airborne, and always allows oscillatory
motion of the oleo so as to provide damping control at all times. This.
spring engagement is reflected in the discontinuity of the instability plot
between 70 and 80% airborne.

From experience, the critical mode of ground instability is the helicopter
roll mode which consists of roll oscillations of the helicopter on its
oleo and tire springs about a line passing through its c.g. This is
accomr, anLed by blade depatterning and is usually located close to or in the
normal rotor operating speed range where the instability band is above the
rotor speed where the aircraft is inherently stable. If the instability
baud intersects the rotor speed, sufficient damping must be available in
the oleo and the blade lag dampers to suppress the instability. A measure
of control of this instability is the damping ratio curve, mentioned earlier
and labeled asW. If7 is greater than unity the aircraft will be stable

on the ground.

Most of the physical data used in the analysis are taken from the Model II;
this approach is convenient since the advanced version is a modification
ofthat aircraft. Each rotor has 3 blades having a 25 feet radius and a 23
inch chord. The lag hinge is situated 24 inches outboard of the hub which
is greater than the 13.9 inches used with the Model II blades. The aft
tire tread has been increased from the standard 77.25 inches to 85.35 inches.
Except for hub and aft fi.n fairing, the underside blister for the retractable
landing gear, and the increased stub tank span, the High Performance 107-I1
has the same dimensions as the Model II.
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The results of the analysis at a gross weight of 14,300 lb. are plotted

in Figure 106a. From 0% to about 70% airborne the instability band is
well above the normal rotor speed. This means that in this interval
mechanical instability of the helicopter is highly unlikely. Further,
any oscillation that may occur would be controlled by the damping in the
blade damper and oleo, which is indicated by the greater'than unity value
of the damping ratio,/q . After the engagement of the bottoming spring
at 71%. the instability band at 340 cpm decreases rapidly with increasing
percentage airborne, following the decreasing lateral tire spring rate,
until the lower instability boundary crosses the normal rotor speed line
at 92% airborne. Because the center of instability remains above the
258 rpm normal rotor speed and the damping ratio is still greater than
unity, the normal-rotor speed-crossing of the lower instability boundary
should not cause any uncontrolled oscillation. The available damping in
the system is adequate to control or dissipate any oscillation in the
helicopter.

Figure 106b is a plot of the results for the 19,130 lb. gross weight.
Between 0% and about 70% airborne, a slightly lower instability band, but
still above normal rotor speed, is a result of the increased gross weight.
Only the lower boundary of the instability band crosses the normal rotor
speed line from above to below 258 rpm at two points: 78% and 92.5% air-
borne. However, the damping ratio is quite high so that there is adequate
margin for controlling and dissipating any oscillation.

Usually, the critical configuration of a helicopter with regard to ground
instability is at the maximum gross weight. Examination of Figure 106c,
which is the result of the analysis for the 23,000 lb. ferry or overload
version of the Vertol 107 Research Vehicle supports this observation.
From a high of 300 rpm at 0% airborne, the lower instability boundary

gradually decreases until it crosses the normal rotor speed line at 68%
airborne. After engagement of the bottoming spring at 78% airborne, the
lower instability band again decreases from a high of 270 rpm until it
crosses the normal rotor speed line at 92% airborne. In this configuration
the most critical percent airborne is at 78% when the center of instability
is almost on the rotor speed. However, the damping ratio is very large,
which may be seen also in Figure 106c, so that there is more than ample
damping in the blade damper and oleo to control and dissipate any oscillation
that may arise during operation of the helicopter.

CONCLUSIONS

The ground instability analysis at the three gross weights of the High
Performance 107-11 show that the instability bands are located above nor-
mal rotor speed except at certain high percent airborne conditions where
the lower boundaries of the instability bands cross the normal rotor speed
line. However, the damping ratio is greater than unity in all versions
for all percents airborne such that any oscillation will always be con-

!2 vergent as energy is dissipated by the damping in the blade-damper-oleo '

system of the helicopter.
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figure 106a
GROUND INSTABILITY ANALYSIS
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GROUND INSTABILITY ANALYSIS
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Figure 106c
GROUND INSTABILITY ANALYSIS
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The rotor blade proposed for the high performance helicopter design is the
resu'lt of a rigorous design effort to achieve greater rotor solidity with-
out accepting an excessive weight penalty with its accompanying ceutrifugal
forces, and without sacrificing dynamic acceptability which plays an Lmpor-

taut role in, reducing helicopter vibration level.

A blade design was selected for purposes of detailed structural study after
achieving acceptable centrifugal'force levels and 6ynami. characteristics.

Continued aerodynamic study resulted in an optiLaed blade configuration
differing somewhat from the blade design for which details of structural
analysis are presented.

Further study will be necessary to obtain optimm structural characteristics
for the final blade design. This study presents a detailed examination of
an intermediate blade design, and is typical of the study which will be
performed on the final blade. A comparison of the intermediate and final

i blade designs follows:

Intermediate Blade Final Blade

IBlade Radius 25' 26.25

Blade Chord 21.5" Airfoil + 1.5" Cusp 19.5" Airfoil + 1.5" Cusp

Airfoil MCA 0009.5 MACA 0009.5

Twist (Root to Tip) -8.330 -14o

FlASK I

Initial studies centered around a reduced span version of the NACA 0012
airfoil 23 inch chord Bosing-Vertol TIC-1 Chinook blade, thus taking

i advantage of existing blade tooling. This blade would have weighed 60 pounds
per blade more than the final blade design, plus the addition of 20 pounds
of natural frequency weight to each blade, for a total weight penalty of
approximately 50 pounds per helicopter in blade weight alone. This would,3 of course, require a larger hub and greater capacity retention system.

Further studies were directed toward reducing weight by modifying the spar
* on the YTC-lB, still preserving most of the tooling built for this blade.

.,Three such blade configurations were designed said analyzed, resulting in the
reduction of blade weight by 50 pounds per blade; however, acceptabte dynme-

i ic characteristics were not provided. The basic problem lies in the fact
that, while mass reductions were possible at the cost of expensive manu-
facturing methods, the stiffness of the btade could not be reduced in the
same ratio, hence the first mode flapise natural frequencyp preferably

i arem" J5.90 1crea" towara 30. We% ts tynamleay' "ASItaute o tlre.
bladed rotors.
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A TN.!&5 bladewafs analysed, using an al910inum spar. lot the saNO mihbts
stiffness use &gain too great because of sar thickness, a" both atural
frequency and blade stresses were excessively high.

11opes to salvage weet of existing tooling were then abandoned, and a chanige
to a thinner airfoil section investigated. The first such blade confi1gu-
ration, based an a 0009.5.airfoil, used a 5.1 inch diameter spar. Becaome
of manufacturing limitations, the outboard wall thiciness of this blade
Auld not be reduced below .040. The resulting stiffness-to-mass ratio i
was very low and resulted in a blade which was very limber outboard, causing I
excessive static droop and subject to centrifugal stiffening due to tip
weights, thus producing an unacceptably high rotating natural frequency.

The studios discussed above are summarized briefly in the foll^,Wing table:

TABLE XVIII 1
SUMMARY OF BLADES EXAMINED FOR DYNAMIC PROPERTIES

Weight WO First1
_________________Nat'l. Fr!S. Flapviso ____________

Blade Confliguration weight Nat'l. Freq. Coments

Reduced Span YHC-13 227 2.578 Saves existing tooling
Short develop men t time
Costs 500 lbs/helicopter

Modified YMC-1B Use such of existing

Steel Spar A 187.5 2.685 tooling1
B 179.0 2.665 Requires difficult manu-

facturing techniques to

reduce spar weight.

C172.00 2.612 Requires excessive.I
weight to reduce natu-
ral frequencyIReduced Span New spar development

YIC-li Alum. Spar 159.0 2.629 Excessive natural fre-1
4uency. Weight required.

* I Ugh spar stress"s, poor
erosion and corrosion iJ___________characteristics

0009.5 Airfoil low spar tube, complete0
5.1 Dia. Steel Spar 17Q.0 2.558 blade tooling, long lead

time, natural frequency
too high, requires awli-

I tional Weight.

The rotor blade design studies reviewed above, led to a decision to adapt
the Booing-Vertol 107 Model It spar to the longter chord 23 Lach high per-
formance desi1gn. Oles 949mit miechimg the dynamic characteristics of the
desired blade to the Doeing-Vertol 107-11 blade uhich is presently is pro-
duct ion.
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The design configuration is as follows:

Blade Weight 168 lb. (does not include 18 lb. of

tuning weight assembly in
forward blades)

First Flapwise
Natural Frequency - Forward Blades 2.43

Airfoil Section NACA 0009.5

I U Blade Radius 25 feet

Blade Chord 21.5" Airfoil + 1.5" Cusp = 23' total

Spar 4340" Rockrited" single piece steel
spar, rolled, using same tools as

Model II with positions of steps
changed.

Airfoil, Aft of Spar Fiberglass reinforced epoxy laminated

skins bonded over aluminum ribs are
structurally bonded to the heel of
the 4340 steel spar to comprise the

NACA 0009.5 airfoil.

While the actual components are completely new, extensive testing on sim-
Iilar Boeing-Vertol 107-Il and YHC-lB blade box construction indicates ex-

cellent serviceability.

Balance Provisions As with Boeing-Vertol 107-11, blades

are made individually interchangeable
by means of close manufacturing con-

trol and addition of balance weights
in the nose of the spar and in the
tip.

L Root Fitting The blade is attached to the hub com-
ponents with a single pin which serves
as the lag hinge. The blade is thread-

ed and clamped to a forged 4340 socket
through which the vertical pin is se-
cured. This is the same principle

1used on the YHC-lB.

Natural Frequency - Weight Fixed 10 pound weights are housed

Il within, but isolated from, the forward
blade spars at 40% radius as evaluated

on Boeing-Vertol 107-I1.

IThe dynamic characteristics of the high performance helicopter design blade
match those of the Boeing-Vertot Model 107-11 closely.
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TABLE XIX

COMPARISON OF BOEING-VERTOL 107 AND HIGH PERFORMANCE 107
BLADE DYNAMIC PROPERTIES H

High Per-

Boeing- formance
Vertol 107-I1 Helicopter

If First flapwise mode
rotating natural frequency 2.49 2.43

13f Damped amplification factor,
first flapwise mode, third
harmonic (measure of 3/revresponse) 1.812 1.602

2f Second flapwise mode rotating
natural frequency 4.618 4.632

25f Damped amplification factor,
second flapwise mode, fifth
harmonic (measure of flapwise
moment response) 4.065 3.963

Ic First chordwise mode rotating
natural frequency 4.S0 4.774

15c Undamped amplification factor
first chordwise mode, fifth
harmonic 12.00 10.33

The High'Performance 107-I blade physical properties of weight and stiff-
ness distribution, centrifugal force, and chordwise neutral axis and center
of gravity location are presented on the following pages. All data shown
are for the intermediate design selected for detailed structural study.
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Having established a dynamically sattsfaetry 'blade, a theoretical study
was made to determine the effects of various flight parameters on blade
moments and stresses. This study was performed by making step-by-step
changes from the present Boeing-Vertol 107 Model II flight and blade pa-

-rameters to the High Performance 107-I.

The Leone-Myklestad Method of Rotor Blade Aeroelastic Vibration Analysis

with basic trim data provided by aerodynamics yielded the theoretical
j| bending moments. Except for the vibratory moments, agreement between the

11 theoretically calculated data and presently available flight test data is

excellent. The vibratory moments are semiempirically adjusted through
-- past data to insure flight test agreement.

Eight cases were investigated and tabulated below:

TABLE XX

CASES CONSIDERED IN BLADE MOMENT AND STRESS STUDY

Gross Chord Twist
Case Weight fe Inches Degrees Vt - CT/Cr Knots Effect of

1 18,400 30.2 18 -8 1/3 670 .355 .0827 141 Base Case 107-II

A 2 18,400 20.5 18 -8 1/3 670- -.355 .0768 141 Drag

3 18,400 20.5 23 -8 1/3 670 .355 .0597 141 Solidity

4 15,000 20.5 23 -8 1/3 670 .355 .0489 141 Gross Weight

5 15,000 20.5 23 -8 1/3 670 .438 .0505 174 Forward Speed

6 15,000 20.5 23 -8 1/3 650 .452 .0544 174 Tip Speed

7 15,000 20.5 23 -14 650 .452 .0537 174 Twist

8* 15,000 20.5 23 -8 1/3 670 .438 .0505 174 Chordwiae C.G.

* Same as Case 5 except that the chordwise C.G. of outboard blade section
moved from.26c to .24c

The theoretical bending moment data - both flap and chordwise results - are

presented, for the above eight cases in Figures 115 through 118. These
curves formed the basis of a detailed stress study of the rotor blade with
satisfactory dynamic characteristics as established from the Phase i stuady.

The table below summarizes the resultsof this stress study. An inter-
protation of the results follows the table.

I
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TABLE XXI

SMART Of BLADE MOMENT AND STRESS STUDY

Trailing
Flap Bending Stresses (Psi) Edge Stresses (psi)

Case 090 Wall 072 Wall 050 Wall (50% Blade Radius)

1 26,700 + 13,300 32,000 ± 15,100 37,500 ± 24,500 32,670 + i5,000

2 26,200 + 13,300 30,900 + 14,800 36,100 ± 18,800 32,670 + 16,000

3 25,600 + 12,600 30,700 ± 13,500 39,800 + 15,000 50,400 + 12,600

4 25,900 + 12,000 30,600 + 12,900 37,500 + 18,000 50,400 + 14,000

5 26,100 ± 19,000 30,800 + 19,100 41,800 ± 30,600 47,400 ± 18,100
6 25,900 + 21,000 31,100 + 21,000 41,800 + 30,600 45,600 + 22,200

7 29,500 + 25,600 35,300 ± 27,300 41,800 + 28,200 47,400 + 23,800

8 26,200 ± 19,600 30,900 ± 20,600 43,400 + 23,500 41,600 ± 17,400

1. Effect of Helicopter Drag - Case 1 and 2

Steady flap stresses are reduced.* Chordwise stresses are not affected.
Flap vibratory stresses are reduced for the low drag version in the
072 wall and 050 wall section.

2. Effect of Gross Weight - Case 3 and 4

Steady flap stresses are slightly lower for the 090, wall and higher for
the 072 and 050 wall for the higher G.W., Case 3. Steady chord stresses
are not affected. Vibratory flap stresses increase slightly for the
higher gross weight version in the 072 and 090 wall sections but lower
in the 050 wall section. Vibratory chord stresses are reduced slightly
for the higher gross weight version.

3. Effect of Increased Forward Speed - Case 4 and 5

This condition had the most significant effect on blade vibratory bend-
ing moments. Flap vibratory stresses increased by approximately 50%
to 70%. The stress level of 30,600 psi in the 050 outboard section
would be unacceptable for unlimited life. Chord vibratory stresses in-
creased considerably but stress levels are still reasonable. The effect
of steady stresses is insignificant.

4. Effect of Twist Angle - Case 6 and 7

The change of steady stresses is significant. The higher twist in*
greases the flap vibratory stresses on the inboard sections, 013 and
090 wall, by a factor of 1.3. The stresses thus produced on tbe spar
in the istermediate design studied herein are considere4 too high. Thus,
modification to the spar eonfiguration Will be requtire4 to reduce
StesseS to an aceeptoble level on the final blade desLgn ebosen for
optimum performance.
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5. Effect of Chordwise C.G. Location - Case 5 and 8

Condition 5 initially looked satisfactory except for the high outboard
flap vibratory stresses. It was realized that the outboard hump on
the flap curves is due to the steady chord moment as affected by the
large amount of blade cyclic. The steady chord loads were reduced by
balancing the outboard portion of the blade as far forward as consid-
ered satisfactory. The chordwise C.G. was thereby shifted from 26%
to 24% chord. The distance from the C.G. to the neutral axis was con-
siderably affected. The reduction in steady chord moment can be seen
in Figure 117. The reduction of flap vibratory stresses in the out-
board 050 wall section from 30,600 psi to 23,500 psi was a significant
improvement. The effect on steady flap stresses are reduced slightly.

T'
The study performed has resulted in an understanding of the effects
of reduced drag, increased solidity, increased speed, twist angle,
blade chordwise C.G. change, blade loading, and tip speed ratio in the
high forward level flight speed regimes. By careful evaluation of the
flight parameters, it is possible to arrive at an optimum blade struc-
tural configuration,

HIGH SPEED LEVEL FLIGHT STRESS EVALUATION

The evaluation of the study conducted on the intermediate blade design in-
dicates that the conditions of a Case 8 satisfy the design requirements.
The critical flap bending stresses for Case 8 are in the outboard section
at 80% blade radius. The stress is + 23,500 psi. Test endurance limits
for rockrited 4340 steel spar tubes have been shown to be 27,000 psi. The
endurance limit of the laminated stainless steel training edge strip based
on recent full scale tests is 22,000 psi. Stresses predicted for a 200 MPH
speed do not exceed these stress levels, therefore no life restrictions
would be imposed upon the blade for unaccelerated high speed level flight.
Additional analysis of a similar nature is required to optimize the struc-

-, tural design of the final blade configuration selected for performance.

FLIGHT STRESSES

A plot is presented of blade stresses measured on the Boeing-Vertol 107-11,
showing the trend of the upper scatterband of data. The extrapolation shown
indicates an increase in blade stresses proportional toA/2 . Based on this,
the maximum expected stress level at r/R - .70 is 23,000 psi. This would
be a conservative estimate since CT/&' for the high performance vehicle is
lower than for the Boeing-Vertol 107-II. It should be noted that this value
compares favorably with the stress Of 23.500 psi computed from semiempirical
considerations.

1
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FIGURE 107 1
FLIGHT STRESSES
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STRESS ANALYSIS

Blade moments are determined by a semiempirical method developed,4t Vercol
Division during the past few years. A study was made (SMR-172) to deter-
mine the relationship between measured blade moments and theoretically cal-
culated moments.* It was evident that if calculated flap moments had more --

second mode bending and calculated chord moments more first mode bending
there would be a much better agreement.

It is felt that if the theoretical analysis could be programmed to include
the higher harmonics (4th harmonics and above) there would also be a much
better agreement. The only limitation is computer capacity.

The theoretical blade bending data are presented for the eight cases in
Figure 115 through 118,

The vibratory bending moments are semiempirically adjusted to insure flight
test agreement. -s

The present method Is to determine the appropriate factor based n past "
experience for the various flight regimea such as transition* high speed
flight. and maneuvers. Applying these tastors t@ tbe theoretically cal-

culated 4boments sesules .is a goo4 estimate ot expe&04 tn-flight $Lade
moments.

* Calculated using Leone-Myklestad Method



1: BLADE ANALYSIS

TABLE XXII

BLADE SECOND MDDE AMPLIFICATION FACTORS

Forward Blade Flap Chord

Inboard @ r .12 Peak Meas. Peak Meas.
R Peak Calc. Peak Calc.

High Speed 1.695 3.0
Transition 1.960 3.0

- Maneuver 3.480 4.0

Outboard * .70" R

High Speed 2.89 3.0

Transition 2.89 3.0

Maneuver 3.88 4.0

The semiempirically corrected average vibratory flap bending moments are
presented on Figures 119a through 119f.

I An abbreviated summary of the stress work leading to Table XXI follows on
Page 13-10 through 13-12

STRESS ANALYSIS

The following data are presented:

1. Section properties of the blade at various sections
2. Steady flapwise stresses at critical station for vibratory moments
3. Vibratory flapwise moments and stresses
4. Steady chordwise stresses at critical station for vibratory moments
5. Vibratory chordwise moments and stresses
6. Summary table of stresses

11
I
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TABLE XXIII

1. SECTION PROPERTIES OF BLADE AT VARIOUS SECTIONS '

Stations 182 to 300 128 to 174 73 to 119

Flepwise 050 Wall 070 Wall 090 Wall

- .610 to 1.00 1 - .43 to .18 I - .24 to .40
R R R

I/C - .425 in. 3  I/C - .608 in.3  I/C -.715 in.
3

Chordwise 050 Wall 070 Wall 090 Wall
(for T.E. -

stresses) .= 610 to 1.00 r = .43 to .58 - .24 to .40
R R R -1

I/C - 1.13 in.3  I/C - 1.24 in. 3  I/C - 1.33 in.3

TABLE XXIV I
2. STEADY FLAPWISE STRESSES

80% Moment 40% Moment I
Case (Outbd.) 050 (Inbd.) 070 fb outboard* fb inboard*

1 8,800 4,300 20,700 7,050

2 8,200 3,800 19,300 6,240 -

3 9,800 3,000 24,000 4,940
4 8,800 3,400 20,700 5,600 

5 10,600 3,600 25,000 5,900
6 10,600 3,400 25,000 5,600 -,

7 11,300 7,600 26,000 12,500

8 9,000 2,000 21,200 3,200

CF Stresses @ 256 RPM

Outboard 80% 17,500 x(26 2 2 16,800 Dsl 050
262

Inboard 40. 29,000 x I22 - 27,700 psi 072
k262/

26,000 x '62 23,000 psi 090

* I/C f .425 outboard
,608 inboard -.

13-12
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TABLE XXV

3. VIBRATORY FLAPWISE STRESSES AND MOMENTS
S-(HIGH SPEED LEVEL FLIGHT)

Maximum Moment Maximum Moment Maximum Moment
Case 050 Wall 072 Wall 050 Wall

1 9,600 9,200 10,400

2 9,300 9,000 8,000

1 3 9,000 9,200 . 6,400

4 8,560 7,600 7,600

1 5 13,600 11,600 13,000

1 6 15,000 12,800 13,000

7 18,300 16,600 12,400

S14,000 12,000 10,000

Maximum Stress Maximum Stress Maximum Stress
Case 090 072 050

1 13,300 15,100 24,500
2 13,000 14,800 18,800

3 12,600 13,500 . 15,000

4 12,000 12,900 18,000

5 19,000 19,100 30,600

6 21,000 21,000 30,600

7 25,600 27,300 28.200

19,600 20,600 23,500 Proposed
Blade Con-
figuration',

-Intermediate

Design

I Plots of the moments listed above are given on the folldwing pages.

11
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TABLE XXVI

4. STEADY CHORDWISE STRESSES

Critical Station is X - .50 or Station 150 I1C1 1.24
R

Case Moment ft I

1 11,000 8,870

2 11,000 8,870

3 33,000 26,600

4 33,000 26,600

5 29,000 23,600

6 27,000 21,800 A
7 29,000 23,600
8 22,000 17,800 Proposed Blade

______ _-- [Configuration -
Intermediate Design

CF Stress @ .5= 27,500 x(2 xx 23,800 psi
R 29 ~262j

1
TABLE XXVII

5. VIBRATORY CHORDWISE STRESSES (INCLUDING FIRST MODE CORRECT)

Critical Station .50 or Station 150

Case Moment* psi

1 + 19,800 + 16,000

2 ± 19,800 ± 16,000 -i

3 ± 15,600 + 12,600

4 ± 17,400 ± 14,000
5 + 22,500 ± 18,100
6 + 27,500 + 22,200

7 29,600 + 23,800

8 t 21.600 ± 7.400 Proposed Blade "
Configuration,
Intermediate Design

c = 1.24 ---

13-141
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ROTOR RUB

DISCUSSIONa

The choice of configuration was evolved from the following affecting fac-
tors and sequenqe of events.

1. The increased total blade pitch required for the high performance
helicopter caused interference in the basic Boeing-Vertol 107-I
hub and control linkage due to lead-lag and flap effects.

2. An increase in pitch arm radius to alleviate interferences resulted
I in increase of total control motions of swashplate.

3. Any increase in existing Boeing-Vertol 107-11 total control motions
of swashplate was impractical for this research vehicle as it re-
quired new rotor shafts and a raising of the rotor plane.

4. To effect the sizeable increase in control required, it was necessary
to change the control ratios by shortening the pitch arm radius. This
was only possible by eliminating the lead-lag effect on pitch.

Consideration of other configurations on a size comparison basis showed
that for the lowest inherent drag, the lightest weight rotor and the small-
est in size would be the YHC-lB "Chinook" style (also HUP series) rotor
with certain modifications.

A new hub utilizing Boeing-Vertol 107-I bearings required larger root at-
tachment for the pitch shaft to the horizontal pin because of larger chord
moments resulting from the vertical pin being further outboard. The in-
crease in moment required an increase in the horizontal pin joint strength.
This was obtained by increasing the distance between bearings and resulting
in a slight increase in the horizontal pin location.

The increased centrifugal force for the High Performance 107-I resulted
in reduced horizontal pin bearing life (Boeing-Vertol 107-I bearings).
Since bearing life can be greatly affected by pin slopes, the pin stiff-
ness was increased to duplicate Boeing-Vertol 107-Il slopes. Calculated
bearing lives are reduced to 985 hours requiring no development program
as the expected initial lives are considered reasonable for the High Per-

~formance 107-11.

The location of the vertical pin, while being further outboard than Mod-
el II vertical pin, is none the less closer in than normal for this con-
figuration because of the use of new type tension-torsion system.

Recent studies at Vertol utilizing a "wire-ply" pack consisting of 550.000 UTS
steel wire wound continuously around specially designed end fittings has in-
dicated that considerably shorter packs can be designed to operate satisfac-
torily under the same oscillatory conditions as the strap pack on the Mod-
el II. Usually, the tension-torsion system and its required twist limi-
tations dictate its length and, thereby, the location of the vertical pin.
As this is no longer true, for a wire-ply tension-torsion system, the
governing factor for vertical pin location becomes critical as a function
of the pitch bearing (also from Boeing-Vertol 107-I1) spacing for the flap
moments.

44-



*The use of Teflop bearings in the vertical pin also contributed favorably
to the vertieal pin location and to the reduction of the vertical pin Joint
height, thereby reducing drag. The projected use of Teflon in the horizon-
tal pin and pitch bearings does not appear practical at this time.

The integral pitch arm and. pitch housing with a much reduced frontal area
has resulted in lower drag.

The blade socket with its Teflon vertical pin bearings and conventional
Boeing-Vertol blade attachment is compatible with possible folding re- I
quirements.

A YHC-lB lag damper (with modified attaching ends) was used in preference
to either a completely new design or the Model II damper which was not ade-
quate from a ground instability viewpoint. This unit has been designed to
handle higher loads than encountered on the research vehicle. J
Conventional methods of stress analysis were used and fatigue stresses in
critical areas were limited to allowables used in similar applications on
the Boeing-Vertol 107 Model II. I
ANALYSIS

The following pages contain the rotor hub loads derivation and analysis. I
Because of increased centrifugal force loads (higher than the'Boeing-Vertol
107-1I) and because of new hub components, a complete analysis' is required.
Fatigue loadings are more critical than ultimate loadings, and for this I
reason only a fatigue analysis is presented. Only th4 results of the anal-
ysis are presented, i.e., loads and stresses are summarized.

Analysis methods are conventional and allowables are consistent with all
other Boeing-Vertol designs. Stress levels for this design shown on
SK 10307 are low enough so that an unlimited life can be expected for un- 1
accelerated high speed level flight conditions.

Appendix III contains a summary of stresses and "life" on critical compo-
nents. L

1. Loads
2. Pitch housing analysis summary i
3. Fitch shaft analysis summary
4. Tie rod analysis - "wire-ply" strap
5. Rotary wing socket analysis summary
6. Vertical pin analysis summary
7. Horizontal pin bearing lives and slope*

I

II

III



(a) Loads

The following dava was obtained from AerOdynamics:

U TABLE XXVIII

I FLIGHT CONDITIONS FOR ROTOR HUB ANALYSIS

Flight V Vt Fwd Rotor Aft Rotor
I Conditions Kts. ft/sec. RPM HP HP

Vmax  172 680 260 1,390 940

i Cruise 141 -,640 244 840 725

Max. Power Climb 80 660 252 1,360 970

Transition. 30 650 248 1,100 900

Hover O.G.E. 0 650 248 1,300 1,100

Autorotation 65 650 248 0 0i (est)

G.W. - 19,400 lbs. R 25' C - 23" €  140

Airfoil Section, NACA 0009.5

Vt = tip speed

RPM - tip speed x 60
25' x 21r

I - 0.382 x tip speed

I TABLE XXIX

CENTRIFUGAL FORCE LOADS

Flight (CF)Vp (CF)VP (CF)HP (CF)HP
Condition RPM Fwd(lb) Aft(lb) Fwd(lb) Aft(lb)

IVma x  260 49,000 44,600 52,450 46,500

Cruise 244 43,200 39,280 46,040 40,920

Max. Power Climb 252 46,000 41.900 49,200 43,70Q

Transition 248 44,550 40,500 470600 42,300

%over V.G.J. 248 44.550 40,500 47,600 42,300

1 - Autorotation 248 44,550 40,500 47,600 42,300

14-



Aft Blade: Forward Blade:

@ 262 RPM (CF)vP - 45,300 lb. (CF)vp - 49,820 lb.

(CF)Ip - 47,200 lb. (CF)Ip - 53,100 lb.

. 2
(260 2

k26 - 0.985 (26 2 a 0.895

2 0.925 20.867

2 (226

TABLE XXX"

IN PLANE HUB LOADS

Flight Fb Torque/Blade
Condition RPM damper force Fwd Rotor Aft Rotor

Vmax  260 +1800 lb. 112,200 75,900

Cruise 244 +1770 lb. 72,300 62,400

Max. Power Climb 252 +1790 lb. 113,300 80,900

Transition 248 +1780 lb. 93,100 76,200

Hover O.G.E. 248 +1780 lb. 110,000 93,000

Autorotation 248 +1780 lb. 0 0 j

Q/b - 21,000 x HP
RPM

* Based on YHC-1B Damper Characteristics

14-
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I I ROTOR CONTROLS

Disetssion

Essentially, the Boeing-Vertol Model I1 rotor controls are used with some
modification for the increased control loads. The increased total control

U motions were acceptable to the available space by the choice of rotor ays-
0"I tem Configuration permitting a change to control ratios.

A method of estimating pitch linA loads -for the effect ofe.x. an4 CTf/d has0I been developed at Boeing-Vertol during the past few years. The approach
is semiempirical but has resulted in a remarkable agreement of data. This
approach has been utilized as shown on the following pages to evaluate

" !pitch link loads,

The extrapolation required to obtain loads for the High Performance 107-II
is not too great. Therefore; we are confident that the loads calculated
are of the proper order of magnitude.

It was necessary to consider one other factor for estimation of.loads. The
increase in blade chord, utilizing the spar from the Boeing-Vertol Model II,
resulted in a shift of the blade pitch axis from 18.4% chord to 13% chord.
A study of measured data on different blade designs with different pitch
axis locations indicated that the effect on vibratory pitching moments is
small but steady pitching moments are considerably affected. The results
of this study are shown on the following pages.

Recent flight tests performed on the B3oeing-Vertol Model II with a control

system with an increased stiffness has definitely proven the importance of
a stiff control system in reducing helicopter vibration level. For this
reason the control system for the High Performance 107-11 has been designed
for control stiffness requirements.

The Boeing-Vertol Model II swashplate bearing internal design with new
attaching flanges is used. The increase in control loads would result
in a reduction of calculated bearing life from 1425 hours (Model II) to
900 hours which is considered acceptable.

Another feature which has been continued from the Model II is the use of
Teflon bearings in the control system with their "no maintenance require-

Iments, "

The control system, where critical for an increase in loads of 16% over the
Boeing-Vertol 107-I, has beet improved upon with minor modification to
existing components. A modified drawing of these components is shown on
SK 10242.

Ultimate analysis of 107-11 totor coetrol components is given in Vertol

Report 107-$-207-2-3. All items with margins of safety less than .6 have
boon Impro'.ad mpon accordiagly.

1 13'-1
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It may be concluded ehat the control cempensate shown on draVitg, 3K 10242,
are eapable of withstanding the Imposee lead# due to UnaGeenated level
flLght at 174'knots.

Ytteh AxiseEffect an Pieching Momente

A review of pitching moment data tn belicopter Models H-21, R1-2 wood DL,
RUP-2 metal, HIP-4. U-16, V-109? 'tHC-1A has Indicated the following:

1. A semiempirical approach for determination of pitching moments
ai blades such as described in Vertol Report RD 019 can be used
ior predicting or estimatiag vibratory pit1hing moments on blades
such as those mentioned above with a few exceptions.

2. Given the above method, the characteristics could have been pro-
dicted for a range of., ,= 0 to Q.= .36 and CT/C" - .070 to
CT/dr - .124.

3. The-exceptions to the rule are:

a. HUP-2 Prewitt Metal Blade - E (dist. from pitch axis to
A.C.) is smaller than other blades but if the same were

used as for others, the data would agree.

b. H-16 Metal Blade - 5 is very small, A.C. is almost on P.A.
The effect is in the right direction but net as effective
as indicated. A slight shift in est. A.C. would make data
agree with the rest of the blades.

4. There does not appear to be an effect of hub configuration in pitch-
ing moments, i.e., HUP data falls in line with all the other data.

High Performance Helicopter Control Loads

High Performance 107 loads will be compared to Boeing.-Vertol 107 Model II
loads because of its close similarity.

Pitch link loads may be estimated using a semiempirical method such as
described below.'

The family of curves in Figure 121 represents a nondimensionalized
pitching moment coefficient plotted vs-., for different values of CT/C"

To - Thrust on rotor (lb)
CT T o b , Number of blades/rotor

O* aP C0RCRIZ)
2  - .002242 for 2,000 ft

02 5.75 (lift curve slope)

@689 x V. CO  Blade chord (ft)
-- = R - Blade radius (ft)

1L. RA Tip speed (ft/sec)

" , 103 V Forward velocity
(be,_ _ A.C. to pitch axis (Z chord)

CjPao0%(2R) CLs)32 PigetIng Mons. (f& lb)



107-11

_T 10.300

3 x .002242 x 1.5 x 25-7a o .091 (based on 16t knots)I 1.689 x 162 = .408

670
' | {Ov)  x 103

= 55.6 from curve 5 2
.067 x sc .002242 v. 5.75 x . 5 x 6702

Therefore Me 605 ft. lb. or 7280 in. lb.

Pitch Link Load - 7280 - +855 lb.
8.5

GW = 19,400 To = .55 x 19,400 = 10,600 lb. MFCG HSLF

R - 25' Co = 23" or 1.91 ft go - 140 NACA 0009.5f V - 172 knots - 260 RPM or 27.3 rad/sec

Vt - 25 x 27.3 = 680 ft/sec

I C T/0 10,600 = .0713 x .002242 x 1.91 x 25 x (680)2

1 A-I = 1.69 x 172 - .426
680 .426

v 37.2 (from curve) =X10 3

.067 x 4 x .002242 x 5.75 x (1.91)2 x 25 x (680)2

I M = 680 ft'. lb. or 8160 in. lb.

J Pitch Link Load w 8160 - +998 lb.
8.18 -

Ratio HPHD Loads - +998 . 1.16
107-Il Loads + 855

Steady Loads

Model II - 250 lb. pitch link load

5 uigh Performanco 107 1 198 lb. (Righer than 107-I beeause of ditermt
hub configuration)

Total Pitth L04 Load 107-11 a 250 8 085 o 1105 lb.

J PHD o 198 998 - 96 lb.1 1 5-3

I



Sips* maneuver loads may be related &o total load -

Ratio ULT HPHD Loads - 2 - 1.6
ULT 107-II Loads 1105 1

5I

.4

i

.1
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FIGURE 121
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ROTOR HUB FAIRING

The fairing for the High Performance 107-I has been designed to team&
the drag of the rotor system to a minimum. The light-weight fiber glass
construction permits full kinematic freedom of the roter for flight and
also has the capability for possible folding requiremeats. Drawin
SK 10319 shows the details of this fairing.
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The high performance helicopter will utilize the 101 Model tran-

missions. These transmissions have been designed fot a torque equiv-'lent of 2300 1! @ 18,370 RIPM aud a growth potential (based on Wettol

expetience on the 107 prototype. YHC-l.A, 105 and U-21D helicopters)

to 2500 RP 9 18,370 RPM. So change in components of the 107 M0del I1
tranontssions are contemplated when used in the high perfowases belt-
cptet at 2500 R? and 18.370 RPM.

I ftiyg Shafting

The drive shafting in the 107 Model II helicoptet was desigae4 for

2500 KF @ 18,370 RPM and, therefore, no change is necessary for the

High Performance 107-11.

i RQtor Shafting

The rotor shafts of the 107 Model Ii helicopter have adequate ultimate

and fatigue strength, based on MIL HDBK 5 and Vertol bench fatigue tests,

I to withstand high performance helicopter loading.

I
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I
I
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% LPtzease4 control lod,611 In he hIt pertemanc ltfeoptatheaessatata

chanse& Ln tea e roto and at the mtrol oyste toIoaase thei strength and attfns. This to achieved mainly by uakt
them out of steel, The system pressure to the Control boost is Sictease43 from 1500 to 2000 psi Ln order to deal with ttA higher control loads.
Ample strength to available Lu the existing astuatoes for Ihe rMase4
03stem pressure.

I Minor belletarnk chatgee are made in the lower system to adjuat the con-
trol. travels to the required values. A more detailed 41scssion-of thei . above modifications follows:

FIGURE 122

.MODIFICATIONS TO THE FLIGHT CONTROL SYSTEM OF THE BOEING-VERTOL 107
MODEL II FOR THE HIGH PERFORMANCE HELICOPTER DESIGN

II
DUAL FORWARD UPPER

I DO200T ACTUATORS
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SPEED TRIM ACTUATOR AFT UPPER FLIGHT% CONgTROL BSELICRANK,A~i y

FORWARD UPPER FLIGHT LONGITUDINAL CYCLIC
1 CONTROL IELLCRANK ASSY SPEED TRIJM ACTUATOR

IL
STICK POSITION '1

ACTUATOR

BOOST ACIVATORtS

MAGNETIC AKE ZPZ~T~i(OHYDRAULIc

PILOT6S CYCLIC AC 4J (4 I

COLLXTJV /OPLO-PIC STICKCYCLIC STICK

IIC CO-PILOT'S

N COLLECTIVE RIGGING
PITCH STICK PIN

DIRECTIONAL "l ,

TUNNEL MIGHT

CONITROLS CONTROL CABLES
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I
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0 1
Kinematics

Sasteally, the kinematics of the Boeing-Vertol 107 Model 11 are the same as
the High Performance 107 except for the following!

Roll-Yaw Mechanical Coupling - Eliminated from the lower mixing
w area. 

Changes to meet the required blade angle travels and a decrease
in the swashplate motion factor (inches of travel per blade angle
degree & Reference Table XXXI).

Collective Pitch * Motion of swashplate is increased by opening
up the system stops below the lower mixing area thereby causing
the collective pitch lever to increase its motion by 2.5%.

Longitudinal DCP - Motion to swashplate is decreased by closing
up the lower system stops below the lower mixing area thereby
causing the longitudinal stick to decrease its motion by 3.3%.

Combined Collective Pitch and Longitudinal DCP - Approximately
the same total motion to the swashplate due to paragraph I and
2 above.

Longitudinal "q" Cyclic - Increased motion to swashplate.

Changes in the Parts of the Control System

Lateral System - Revision to lateral bellcrank in the lower mixing
area (equal radius on output arms). Note increase in ultimate
lateral output load does not affect upper parts as it is still
below directional loads that designed the upper system.

Oqt DCP Actuator - Separation of "q" DCP function from the longi-
tudinal stick positioner actuator because of inability to provide
additional 10 "Nose Down" recovery in the event of a malfunction of
a combined actuator. Therefore, the "q" DCP actuator to be placed
below the stick boost actuator so as to be below the "pure" longi-
tudinal stops.

Upper Controls - An increase in the alternating fatigue loads is
expected which will result in the following changes to be made
above the dual upper boost actuators (includes actuator supports).
Control bellcranks, C.P. yoke and supports to be made from steel.
(Steel parts to be four times the stiffness of the present parts.)
Clearance check with the present system shows adequate clearances in
sost areas but will not allow growth of parts required for increase
in fatigue loads. A delta weight increase of 147 pounds would result.

Longitudinal "q" Cyclic Actuator - New actuators required for forward
and aft controls due to increase in swashplate motion required. Aft
actuator to "fail safe! to the aft cyclic (zero speed) position. A
dual-motor, diff. geared actuator is proposed with two power sources.
Normal operation would have both motors energized, fail safe operation
would have either motor driving the actuator at half speed.

18-2



S Descrition of the Hydraulic Flight Control Boost System

tBecause of the anticipated increase in flight loads, the operating

pressure of the hydraulic system shall be increased from 1500 psi to1 2000 psi. This will require the following changes to 'be made.

Flexible Hose - Change to hose rated higher, also fi~ttigs,

' Seals and Packings in Components - Change where required.

Hydraulic Pump - Resetting of compensator.

System.Pressure Relief Valve - Reset.

Miscellaneous Equipment - The following parts would require changing -

pressure switch, gauges, indicators, pressure transmitters, check valves,

etc.

I

I
I
I
I
I
I
I
I
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TABLE XXX1

TABLE OF CONTROL RANGES

HIGH PERFORMANCE I
HELICOPTER

SYSTEM 107-Il DESIGN

Collective Pitch: Lever Travel 0 to 12.00" 0 to 12.30-
Blade Travel(@..75R) 10 to 170 10 to 180

Longitudinal: Stick iravel + 6.00" ±. 5.8" _
DCP Blade Travel + 4.000 * 4.000

Cyclic Trim ("q" Sensor) I
Front Rotor 00 to -50 00 to -10.70
Aft Rotor 4.50 to 7.70 .50 to -10.70

DCP Trim ("q" Sensor)
Front Rotor 00 to 1.910 00 to 30
Aft Rotor 00 to -1.910 00 to -30

Stick Positioner
Stick Range + 1.5" + 1.45"
Blade Travel + l + 0

Lateral: Stick Travel + 3.4"1 + 3.6"

Cyclic Blade Travel
Front Rotor + 8.50* + 7.80
Rear Rotor + 7.090* + 7.80

-i
* Mechanical Roll-Yaw Coupling

Directional: Rudder Pedal Travel + 2.18" + 2.3" 
Diff. Lat. Cyclic Blade ± 9.0 ± 9.50

Travel

Lateral - Directional Design Total I
Front Rotor +14.50 ,415.50
Aft Rotor T144.00 71,15.50

Swashplate Link Travel to Give 10
Blade Angle Change:

Longitudinal Cyclic .1805 .1737
Collective Pitch .1505 .1452
Lateral Cyclic .1070 .1030

18-4
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WEIGHT STUDIES

ii CONFIGURATION STUDY - PHASE I

The gross weights for the parametrie selection of the optimum high per-
formance helicopter were obtained from Boeing-Vertol developed weight
trends, con6aLnt weights for engines, equipment and fixed useful load

i weight plus fuel for a one and one half hour mission. Trend curve equa-
Itions were utilized for the rotor group, body group, and drive system

weights, while the alighting gear and flight controls were expressed as
a function of gross weight only. Boeing-Vertol experience in the design
and manufacture of helicopters encompasses the size and weight range of
the helicopters investigated. This experience has enabled Vertol to
develop weight trends which reliably predict the variation of weight for
various combinations of basic design parameters. The parameters that
were varied in this study were:

1. GW Gross weight - in pounds
2. R Rotor radius - in feet

3. c Blade chord - in feet
4. b Number of blades per rotor
5. We Engine(s) installation weight-pounds
6. C Fuselage Circumference - at the constant Section -. in feet
7. L Distance between rotor centerlines - in feet

Some simplifying assumptions were adopted to expedite the study, they were:

1. Engine installation limited to either one or two General Electric
T-58-8 engines.

2. The maximum design rotor blade tip speed is 1.25 times the normal
tip speed.

3. The fuselage circumference varies linearly between 15.18 feet for
a gross weight of 6,250 pounds to 24.6 feet for a gross weight of
18,400. These dimensions are based on previously designed oper-

I ational helicopters.

4. The distance between rotors is determined from a percent rotor
overlap that varies linearly from 38% at gross weight 6,2501 pounds to 33-1/3% at gross weight equals 18,400 pounds.

The rotor group weight has been calculated from the following expression:

_ _1.024 .555

W (33.6) r .2 39 (1.25 V (R x HP x b x c)
104

l where

r - distanco trout g rotation to blade attachitig boltJ (assumed to equal O.IR)
Vt  - Aer,4yaamti design tip speed - feet per second

(assumed to be a constant 641 feet per second)J 3 - retor radius e lee&
BF w botsepower per rotes - @4 tIke-of herseeovet
b - number of blades per rotor
c = blade chord - feet

1g.I
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Body group weight was obtained from this expression:

r, w2 1.388
wb - 710 jxC--

where

CV * design gross weight - pounds
1. -distance between rotor centerlines o feet
C * fuselage circumference at constant section - feet

The weight of the alighting gear is assumed to be 4. of design gross weight.
Experience and design studies have indicated that a retractable helicopter
alighting gear can be built for this percentage of gross weight.

Flight control weight is expressed as a non-linear function of gross weight,
based on an examination of Boeing-Vertol tandem helicopter flight control
systems including stability augmentation and dual hydraulic boost system.

Wfc- weight of flight controls - 500 G[-174]
Engine installation weights were determined from actual installation of the
General Electric T-58 engines and include, the engine section, engine(s), air
induction system, exhaust system, cooling system, lubrication system, fuel
system (less tank which are included with fuel weight), engine controls and
starting system.

Engine installation weight a We
We for (1) T58-8 - 540 pounds

We for (2) T58-8 - 1080 pounds

The entire drive system including all shafting and transmission lubrication
systems has been expressed as a function representing rotor shaft torque
at take-off.

Wd - weight of drive system - 336F~ 6

where

HP - total take off horsepower
Nr - rotor RPM at take-off

A minimum of fixed equipment has been assumed, weighing 613 pounds. Fixed
useful load, including a crew of two and trapped liquids equal

for (1) T58 engines 429 pounds
(2) TM engines 459 poqta4

The fuel cequIred for L-112 hours endurance a nrmal rated power at I.L.
etd day plus 0.5 posd per gallon for fuel tanks was ealeulated for each
o~as tast*Lte4. I



Wfuel & tankage a 1,336 for (1) T58 Engine

i Wfuel & tankage " 2,672 for (2) T58 Engines
I Assuming a minimum payload of 800 pounds the gross weight becomes:

(1) T58-8 EngineI GW - Weight Empty + 1336 + 800

(2) T58-8 Engines
GW - Weight Empty + 2672 + 800

,I . Approximately 84 different combinations of design parameters were placed

in the weight equation yielding 84 different gross weights. The results
were incorporated into the aerodynamic parametric studies, Section 3,,
Configuration Study.

DETAILED STUDY OF ROTOR PARAMETER FOR HIGH PERFORMANCE 107-I - PHASE I

A second parametric study was conducted, with the purpose of selecting an
optimum rotor for a helicopter similar to the Boeing-Vertol Model 107-11.
Rotor radii of 25, 27, and 29 feet, blade chords of 18, 20.5, and 23 inches,
and tip speeds ranging from 881 to 1043 feet per second, depending on the
radius and chord were investigated. The effect of varying these parameters
on the weight of the fuselage and drive system was also included. The
primary difference in this particular study compared to the first was the use
of a fixed design gross weight of 19,200 pounds and the specific equipment
and general configuration of Boeing-Vertol 107-Il utility helicopter. Weight
trend relationships were again used to predict the change of component weights.

The basic 107-11 utility configuration was modified to include the high per-
formance requirements of increased gross weight (18,000 to 19,200 pounds),
drag cleanup of fuselage (rear ramp area extended and refaired), the addition
of retractable alighting gear, and redesign of flight controls for the in-
creased loads associated with higher speeds.

PHASE II HIGH PERFORMANCE 107-11

I A weight estimate was conducted for converting an existing Boeing-Vertol
107-I utility helicopter into a high performance helicopter, retaining the
same blade radius and distance between rotors. The hub and hinge and hub
fairing are a new design. The only change to the body group is a short
extension and refairing at the aft end of the fuselage. A retraction system
has been added to the basic alighting gear and the upper controls in the

I flight control system have been redesigned for the higher flight control
loads associated with the increase in forward spee4. The weight penalties
associated with these charges have been estimated frotm design layouta. All
other items of equipment andth engian installatiou are unchaiged fres theI10-11 utility except for the a41tioe of an allowance of 300 pave fgr
0 lctreetcs .

3 oA 9~mry weight statemst for this helicopter is shown bel&.

19-3
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TABLE XXXII

1J)O4A1Y WEIGHT STATEMENT

High
Performance

107-Il

Rotor Group 1964 lbs.
Body Group 2366
Alighting Gear 667
Flight Controls 758
Engine Section 68
Propulsion Group 2807

.Engine(s) 566 lbs.
Air Induction 17
Exhaust System 6
Cooling System 17
Lubricating System 55
Fuel System 285
Engine Controls 41
Starting System 73
Drive System 1747

Aux. Power Plant 135 lbs.
Instr. and Nav. 436
Electronics Group 300
Furn. & Equip. Group 266
Air Cond. & Deicing 164
Auxiliary Gear 44

Mfg. Variation 13

Weight Empty 9988

Fixed Useful Load 459
Crew 400 lbs.
Trapped Liquids 28
Engine Oil 31

19-& I



TundgMnta I: f Pe rformance Increases

moat important parameters for increased speed are power loading, blade load-
ing, and again. aerodynamic cleanliness.

Possible improvements in engine characteristics, i.e., specific fuel can-
I sumption and available power are insufficient in theirwelves, however& to

achieve the desired gains In range and speed. The effects of improved spe-
cific fuel consumption on ferry range and the effect of power available in-
crease an maximumi speed for the present Vertol 107 helicopter are shown be-

low in Figures 12,3(a) and 123(b).

J FIGURE 123

a) (a)
FERRY RANGE VS %. DECREASE IN SFC MAXIMUM SPEED VS a' INCRWAE IN4 SHiP

II
i190015

I q~

It

An increase of 25%. in ferry range would require a decrease of 21% In. S.I..I An increase in speed of 5 knots would require a 12%. power available increase.

The effects of aerodynamic cleaulizess'ate shown below for the, 'extendead re

dius version of the Vertol 107.

The 257. increase in fes wange a& be obtained mvitb a 54%. decrease in equlur.
slent flat plate area*, An Inee of 5 miles p., hown in spee4 results from

a 10%. decrease In equivalont flat plate area,



FIGUUE 1241

FERRY RANG] AN AIUM SPEED VS. EQUIVALEN4T FLAT PLATE AREA

2400 i-,- 2101

TLF1: 1,14ti'*1 4

TOGW5,5 LBS20 LS j,17

Ilk 190

t I . E'. 444
-14. 18 22263

PARSIT DRA ARE SQ. FT.

2000 e 17
TOGW 5,65 -- d

M;i
I. It

.1800 10111.0 1 18 2 26 3



V
I1

I GRowTK VERSIONS
Using the present Vertol 107 as a base point for compariseon a review of to
other coniguirstione derived from the basic Verto), 107 is presented, alongI ith the prototype research vehicle 'under design In this contract.

Despite the fact-that the prototype yesearch vehicle meets the primary re-
quirements of performance outlined n Contract. No* DA44-177.TC-686, High
Performance Helicopter, it fails to substantially improve overall produc-
tivity, i.e., mission efficiency. To establish what performance might be
expected from the next generation of helicopters, in the Vertol 107 class.
the performance of the following two aircraft has been evaluated and com-
pared with the present Vertol 107 and High Performance 107-I.

1. Increased Power Available Version - No change from prototype in
rotor size.

The basic ratings of the GE T-58-8 were raised from 1250 SHP to
1450 SHP Mil Power at S.L. and 1050 SHP to 1250 NRP at S.L. Equiv-
alent flat plate area reduced to 13 sq. ft.

2. Increased Radius Version - No change in installed power. The rotor
was resized to recoup the useful load of the present Vertol 107 in
hover.

I Table XXXIII summarizes the weights and performance for the three deriva-

tives of the present Vertol 107. The normal gross weight is defined from

a hover ceiling criteria of 6000 feet at 950F day. The ferry range over-
I load gross weight is found from a 500 FPM rate of climb, NRP at S.L.

The Army's primary need at this time is a large improvement in ferry range
capability to enable self-transport-ability of tactical and logistics heli-
copters to the combat zone in the event of hostilities. "The bar chart be-
low, illustrates at zero headwind, the payload-range characteristics for

sea level and 10,000 feetmaximum altitude without m~ygen equipment.

I FIGURe 125

FERRY UAWE, 10? SERIES
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TABLE XXXII I

SUMMY O MEI AND PEFFORMANCE

V-107 SERIES

Increased, Increased Advanced
Ynit V07-IL Chord Pe V-I07 -oI

Rotor Radius/Rotor Solidity ft/- 25/.0573 251.07321 25/.07321 26.25/.0636
Rotor Chord/No. of Blades in 18/3 13/3 23/3 21/3
Rotor Twist/Rotor Tip Speed -  egfps-8.331690 14=/655 -141675. -141655

"Rotor Airfoil Section ~ 0012 0009.5 0009t5_ 0009.5
,Equivalent Flat Plate Area ft 30.? 2_0.5 13.0 20.5
fjNo. of Eng/Eng Designatloh . (2)2o58.8 (2)T-58-8 -(2)To58-8 (2)W-58-8
M Adv.

OMilitary Power Per Eng,. SHP- 1250 1250 1450 1250
Normal Rated Power Per Eng._ SHP 1050 1050 1250 1050 1
Rotor Group .. lb. 1749 1964 2104 1937
Body Group lbs 2336 2356 2356 2403
Alighting Group lbs 557 667 667 667
Flight Controls lbs 723 "758 778 758
Propulsion Group lbs 2875 2875 2995 2875
Instr., Nay., & Aux. Power Pit. lbs 135 135 135 135
Hydr. Elect. & Electronics
Group lbs 736 736 736 736

"Furn. & Equip. Group lbs 487 487 487 487
MWeight Empty lbs 9598 9988 10248 9998
Useful Load lbs 5652 5177 6652 5652
Fixed Useful Load lb: a 459 459 459 459
Fuel (100n.mi. radius) lbs 2036 1842 1710 1850 F

Payload (outbound only) lbs 3157 2876 4483 3343 1
Gross Weight* lbs 15250 15165 16900 15650
Hover Ceiling @95'F, OGE ft 6000 6000 6000 6000

wMax. Speed. Mil. Pow. S.L. knots 153 174 200 176
Max. Speed, NRP, S.L. knots 147 168 192 170
Speed for Best Range, S.L. knots 130 158 176 161

oFwd, R/C, NRP, S.L.. fom 2460 2200 2620 2175
Ferry Range n.mi 1578 015 2586 2160
Assoc. G.W. for Terry Range;** lbs. 25740 26250 30400 27200

0 Normal gross weight defised by hover @ 6000 ft., 950F day

** Cross weight defined by 500 fpm rate of climb, NRP at S.L.

I
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Figure ,126 illustrates, at zero headvind, the payload-range chataswtics

for sea level and 10,000 feet.
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Productivity (PV; payload time forward speed) is often employed as aI
criterion to compare aircraft efficiency In cransport applications, A
more meaningful parameter, however, has 'been found to be the ratio of
the productivity to empty weight (PW/K) as this is proportionl to ia2.
tinate economic criterion$ ton/nautical miles per dollar.
The parameters PV/3 5 platted against forward speed% is show In FIg.w
ure 121 below.I

FIGURE 12,71

PRODUCTIVITY/WEIGHT EMPTY VS. FORWARD SPEED-, 107 SERIESI

* 60

IM1I

* 1Z

100 120 140 160' 180 200 -

CRUISE SPEED- KNOTS

PV/2 optimizes at speed* close to maximum forward speed rather than best
range speed which means that best oyerall economy *s attained by can-
suming more fuel and flying as fast as possible,

-J
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The msintainability, expressed in, dollars of iniazommnes cost per ton
nautical mile, is shown in'Figure 128 below.

FIGURE 128

I NAINTAINABILITY VS. FORWARD SPEED, 107 SERIES
.80

I T_1.11.I I_1

Ii M 1~ t-T'j+ 1-M I JVI

I -.14
1140

1 RIS SPE - TNT

The maintenance dollars per flight hour was derived from studies of pro-
senthbelicopter operation extrapolated to turbine powered versions. as aT funition of weight empty and installed power. These costs are suimarized
below:

Present Vertol 107 $.104.30/flight-hpurI Increased Ch2ord $106.43/flight-hour
Increased Power Version #111 .84/flight-hour
Extended Radius Vers ion $106.64/flight *hour
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The use of auxiliary lifting and/or propulsive devic:es to the basi bell-

!i i ~opter ias often suggested as a mleans of Incre"Ing both range end 4P40d

To more fully determine the potential of these compound heligopter ver-i sions, two configuratious derived from the advanced 107 yere considered?

1. Unloaditg oi propulsive force to an auxiliary pusher propeller. So
I auxiliary lifting surface.

2. Unloading of both propulsive force ad lift to the pusher propeller
and auxiliary wing.

In both configurations it was found necesry to add a third T58-GE-9 tur-
bine engine so that the loss in useful load duo to empty weight increase

I could be recovered in hover.

UNLOADED PROPULSIVE FORCE VEIRSTON

I The total propulsive force of this configuration, including a slight per-
centage of rotor drag, is carried by a pusher propeller having an aero-
dynamic efficiency of .90 and a propeller transmission efficiency of .95.
The advancedl07 rotors of 26.25 foot radius, 21 inch chord carried the
total gross weight of the configuration. The equivalent flat plate area
of 20.5 square feet remains constant.

UNLOADED PROPULSIVE FORCE he LIFT VERSION

To the unloaded propulsive force configuration described above, a wing of
L/Dmax equal to 22 at lift coefficient, CL, of .5 and aspect ratio, of 6
vas designed to unload the rotor in lift and thus permit lowering of rotor
RPM.

The wing area of 200 square feet was determined from minimum download con-
siderations in hover and L/Dmax operation at P and sea level. The tip
speed was fixed at 300 fps for sea level operation and 350 fps tip speed
during the ferry range mission.

Table XJ XIV presents a summary of weights and performance for the two com-
pound versions compared to the advanced 107. Figure 129 and 130 illustratecomparisons of ferry range and maximum speed between tiA Lhi ee configuratiopis.

I
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TABLZ XXXX

SMWUARY OF tWzJITS AND MrORMYCK
mLOADED ROTOR VERSIONS I

ADVA- - AUX. AUX. PROP.
UNIT 107 fPWEMR AND WINC

Rotor Radius/Solidity ft/ 26.25/.0636 26 25/.06 3 6  26,251.0636
Rotor Chord/No. of Blades in/ 21/3 21/3 21/3
Rotor TwistiTip Speed deg/fps -14/655 -14/655 _147655
Rotor.___ Airfoil Section f , 0009.3 0009.5 0009.5
Equiv. Flat Plate Area ft2  20.5 20.5 20.5
No. of En ,/nifg. Des ignatlou (2)T-58-8 3JT-58-8 /T.58.8
Mil. Power Per Ent. SHP 1250 1250 1250
Normal Rated Power Per Eng. SHP 1050 1050 1050

4Wn Ae 200.0
_ _ _ _ _ _ _ _ _ __ _ __ -__ _ _ ,__-.r.. -A -- "e f 09a . .. -- --

Wing Span ft. -.

inChord ft. $.-
Prop. Dia.Tip .peed tfps .. 9.0 /9.5
No. of Blades/Activity ractor ... ...._ 4/200 4/200
Rotor Group lbs. 1937 2030 2630
Body Group lbs. 2403' 7480248
Wing Group lbs. _ -__0
Prop. Group lbs. - _667 ___3900___ _0

Alighting Group lbs. 707 07-
Flight.Controls lbs. 758 78 - -- 8

m Propulsion Group lbs. 2875 4070 4010 "
=Instr., Nav.,& Aux. Pover lbs. 135 167 161
1H dr. Elect. & Electronic lbs. - 73 736 736
NFurn. & Evutp. Group lbs. 487 487 487.
WEIGHT EMPTY lbs. 9998 11855 12635
Useful Load, lbs. 5652 8885 7665 _ _
Fixed Useful Load lbs. 459' 480 480
Fuel (100 N.Mi. Radius) lbs. 1850 1760 1670 ,

Payloa4 (Outbound Only) lbs. 3343 6645 5515
,GROSS WEIGHT lbs. 15650 20740 20300 1

,jEover Ceiling (@ 95"F, OGE ft. 6000 6000 6000 "+
ICMax. SpeeuMl.2ower, S.L. kts. 176 199 227
[Max. Speed NRP, S.L. kts. 170 189 210
IjSpeed for Beat Range, S.L. kts. 161 174 197
Ferry Range n.mi. 2160 2210 2770

CLAssc. G.U. for Ferry Ramie bs._ 27200 31000 38200 ]
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IAuxiliary Propeller 2210 X.I.

II

Auxiliary Propeller aud wiklj 2770 N.ML

FIGURE 130

ICOMPARISON OF MAX. FWD.-SPEED @ ML. POWER

Advance 0 176 KNOTS

Auiir Propele 199 KNOTS

Auxiliary Propeller and Wing 227 KNOTS

) I ______,______________,____

I) d,,,,+t+ +:0Hm

I



I 1Z~ cKs

t. vertol Division, The Boeing Company. preliminary Design tropesal
for a High PerfOrmaac Research lelicopter. FR-343, April IS, 1960.

2. Phase I Report. High Perfotmance Relcopter. BoeingoVertol Report

R-212.

3. A. Gessow and A. . Crim. A Method for Studying the Transient Blade-
Flapping Behaviour ot Lifting Rotors at Extreme Operating Coaditions.
X&CA Technical Note 3366, Janiary 1955.

4. A. Gessow, £ uations and Procedures for Numerically Calculating the

Aerodynamic Characteristics of Lifting Rotors. NACA Technical Note
3747, October 1956.

5. General glectric Company, Nodel Specification ngitne. Aircraft,1Turboshaft. T-Sb-GE-8 engine. Specification Nao 9-1025, -ay 1960.

6. Lycoming Specification No. 124.18-5, Model Specification T-55-L-5.
Shaft Turbine Engine, 22 January 1960.

7. D. C. Hazen and i. F. Lehnart, An Investigation of Aerodynamic
Forces and Noments Acting Upon a 1/12 Scale Mlodel of the Vertol 107

I Helicopter. Princeton University Report No. 400, September 1957.

8. E. L. Davenport and K. 9. Smith, Mind Tunnel Tests, Vertol 107B
i Part I and Part I. University of Detroit, Project 2671, June 1958.

9. F. Harris, find Tunnel Tests Report for 1/8 Scale Model YHC-lA
Helicopter. Vertol Report No. 107-4-06,. January 21, 1958.

10. R. Stroub, Sumary Wind Tunnel West Report for 1/8 Scale Model of
the Vertol 107-11. Vertol Report No. 107-A-10, December 2, 1960.

I 11. F. Harrs and G. Holcombe, Wind Tunnel Report, High Performance
Helicopter. Vertol Report No. 222, December 2, 1960, Contract

i No. DA44-177-TC-686.

12. M. Kahn and R. Stroub, Wind Tunnel Tests of a 1/8 Scale Model of
the YHC-IB Helicopter. Boeing-Vertol Report 114-A-04.2, June. 1960.

13. D. Julian, Wind Tunnel Tests of the Advanced Chinook Helicopter.
Boeing-Vertol Report R-235, February 1961.

1 14. D. Julian, Wind Tunnel Tests of a Chinook 1/3 Scale Powered Rub
Model. Boeing-Vertol Report R-236, February 1961.

15. R. P. Coleman, A. M. Feingold, Theory of Self-Excited Mechanical
Oscillations of Helicopter Rotors vitb Hinged Blades. NACA
Technical Note 3844, February 1957.

1 23-1

I!



7I

16. Wing Tunnel Tests and Further Analysis of the Floating Wing Fuel
Tanks got Helicopter Range Extension, Volume 2, Ground and Air
Mechanical Instability Analysis. TREC 60-65, Vertol-Boeing
Report No. R-197, October 1960.

17. P. F. Leone, Theory of Rotor Blade Onco'ipled Flap Bendiing Aero-
elastic Vibrations. Proceedings Tenth Annual AS Forum, May 195 1,
Washington, D. C.

18. P. F. Leone, Theory of Rotor Blade tUcoupled Lag $ending Aero-
elastic Vibrations. troceedings gleventh Anneal A S Forum,
April 1955. Washington, 3. C.

19. Army Study Requirement No. 3-60.

20, Homer, Dr. -Ing. Sighard F., Fluid Dynamic Drag.

21. Siumary Report, High Performance Helicopter Study. Boeing-Vertol
Report R-233. (TREC-TR 61-42)

I

23-2



GROWTH VERSIONS

i The introduction, into this eontract of the YHC-lB series was based upon
the realization that a satisfactory High Performance Helicopter would re-
quire the development of a new blade. Since the development of a new blade
for the Chinook is as feasible as for the Boeing-Vertol 107, a brief study
of performance poteneLal with aircraft derived from the YHC-IB Helicopter
was completed and Is presented in this Appendix.

Three configurations are compared to the present YHC-lB:

1. Same power, same blade radius, but increased chord to 32.2 inches.
Drag reduction yields an equivalent flat plate area of 25.0 square
feet. This aircraft will parmit feasibility testing for ferry range
and 200 mile per hour speed, but exhibits poor short range'payload
and productivity characteristics. This is a consequence of decrease
in useful load at basically constant gross weight.

2. A growth version of the preceeding helicopter is shown which uses
advanced ratings for the T-55-L-5 engine. The radius remains at
29.5 feet and 32.2 inch chord. The engine development period would
allow a further reduction of equivalent flap plate area to 18 square
feet.

3. An increased radius version with no change in the engine characteris-
tics. The rotor was resized to recoup the useful load of the present.
YHC-lB. The rotor radius becomes 30.8 feet with a chord of 26 inches.
The equivalent flat plate area is 25.0 square feet.

Table XXXV summarizes the weights and performance for the three derivations
of the present YHC-B. The normal gross weight is defined from a hover ceil"
Ing Criteria of 6,000 feet at 9 UF day. The ferry range overload gross
weight is found from a 500 FM iate of climb, NRP at S.L.

The Army's primary need at this time is a large improvement in ferry range
capability to enable self-transp$ .ability of tactical and logistics heli-
copters to the combat zone in the t of hostilities. The bar chart be-
low, Figure 131, illustrates at zero headwind, the payload-range character-
isticsfor sea'level and 10,000 feet, maximum altitude without oxygen
equipment.

I FIGURE 131

FERRT RANGE, CHINOOK SERIES

YHC-lB 1520 N. Mi.

INCREASED CHORD 18&2- Mi.

INCREASED POWER 1'2 .141

-EXTENDED RADIUS 2100-N1. Mi.
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TABLE XXXV+f

SUMMARY OF WEIGHTS AND PERFORMANCE

CHINOOK SERIES

*__-_ _ L .. __ _ __Increased R
Increased Increased Anced

Unit YHC-IB Chord Power ",vace

Rotor Radius/Rotor Solidity ft./- 29.5/. 0620 29.51.0861 29.5/.0861 30.8/.0672

Rotor Chord/No. of Blades in,/- 23/3 32.2/3 32.2/3 26/3

Rotor Twist/Rotor Tip 5peed dog. /fps -9/710 .14/675 -14/685 -14/675

Rotor Airfoil Section --, 0012 0009.5 0009.5 0009.5

Equiv. Flat Plate Area ft. 43.0 25.2 18.0 25.2

No. of Eng. /Eng. Designation -- (2)T-55-L-5 (2)T-55-L-5 (2)TSSADV. (2)T-55-L-5

Military Power Per Eng. SHP 2200 2200 2500 2200

Normal Rated Power Per Eng. SHP 1850 1850 1 2200 1850

Rotor Group lbs. 3030 3655 3735 3430

Body Group lbs. 3662 3787 3987 3890

Landing Gear Group lbs. 938 1138 1138 1220

Flight Controls lbs. 1021 !021 10,61 1046

Propulsion Group lbs. 5218 5218 5368 5218

Instr., Nay.. & Aux. Power Plant lbs. 282 282 282 282

cnHydr. Elect.& Electronics Group lbs. 942 942 942 942

.Furn. & Equip. Group lbs. 1015 1015 1015 1015

t Weight Empty lbs. 16138 17058 17528 17043

Useful Load lbs. 9512 8492 10777 9512

Fixed Useful Load lbs. 662 662 662 662

Fuel (100 N. Mi. Radius) lbs. 3453 3040 2880 3069

Payload (Outbound only) lbs. 5397 4790 7235 5781

Gross Weight lbs, t- 25650 25550 28305 26555

Hover Ceiling @ 95
0 F, O. G.E. 6000 6000 6000 6000

1 Max. Speed. Mil.Pow. ,S.L. Knots 159 185 202 183
U

Max. Speed, N.R.P.,S.L. Knots 152 177 195 176

Speed For Best Range. S.L. Knots 130 168 181 167

Fwd R/ C, NRP, S.L. fpm 2440 2355 2790 233Q

_Ferty Range n. mi. 1520 1882 2296 2100
Assoc. G.W. For Flb 41300 43925 50200 4530V

0 500 FPM R/C @ S.L. NRV
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Figuare 132 illustrate@, at zero headwind, the payload-range characteris-
j 3 tioe for a level and 10,000 feet.

I FIGURE 132

RANGE - PAYLOAD
SEA LEVEL

10,000

XI ...000. .... . T X..t.am

I ,000 IT

RAGE= :11 XX MLE

6 2 ,000 -. ..

4,000000

24-3



froduettvty CPV payloaA times forward speed) is often employed as a cr1-
terlon to compare aircraft efficiency In transport applications. A more
meaniingful parameter, however, hais been founli to be the ratio of the pro.
ductivity to emnpty weight (PylE) as this Is proportioal to ulttmate eceo
omte ertterton. ton/nautteat miles per dollar.

The parameter, ?VI/E. platted against forward speedI is hown to riguge 133A
below.

FICURE 133

86PRODUCCIVITY 
A

60 T

10 12!4A1010 0
CRIS SIE &N

PyE ptmze a pedscls t mxmu frwr see aterthiTbat,
rang sped hic meaisthatbes ovral ecnom is ttanedby osamiT

ThE oaitam~esablty s pesclset axiu or ward ~seane coater tn best

itical mile, is show to igure 134.

71
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II FIGURE, 134
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The mairnteafee, dollars per flight hour was derived from studies of pre-
sent helicopter eperatioo extrapolated to tuarbin~e powered versions as a

fuetiou of weighst empty and installed power.

SUHM1A'f OP 'Gum VERSIONS

I £A review, of the various means for achieving increased performance with con-
figurations derived from the prs*AtYHC-lB has been made. The perform*
ance Vateatial cern be reelis~.i& 'a~'bj*n -operational aircraf t by-either. an
ticrese to power evailable or decrease in power required by extended ra-*dlus, the more efficient method being the latter.

ITo egtablis 'h an operational helicopter the loss It payload due to a weight
.empty iffereasis require4 by drag 'reduction, must be recouped. If not, both
productivrity and mainitainability suffer. Excellent Increases io range and
saftmus avid cruise speeds will still, result. bewever, as shown by the per-I Lfotmauie of the prototype research vehicle.
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LoIistics Support

V. The requirements for U. S. Army transport aircraft for the 1965-70 time
I period were the subject of recent industry-wide studies (ASR63-60).
I Vertol's contribution, as reported in Reference 19, visualized the Vertel

107 as applicable to the following missions in the combat aees

I a. Combat group tactical missions of 25 nautical iile radius, or
less. within the combat zone from battle group area to FEBA.

b. Logistical resupply missions of 75-100 nautical mile radius from
division rear to battle group area.

The YIHCoIC capability was found relevant to these missions, plus longer

range logistical resupply missions of 300 to 400 'nautical mile radius..

The effect of performance ikprovements in these two aircraft on the nsua-
bets of aircraft required per Army division is shown in the followitig
chart for the short range logistical mission. As in AS&-3, a logistical
resupply for the five battle groups of the division Is assunted to be
40 tons per group, or a total of 200 tons per division. Results of
mission calculations assume an average usage of 4 hours per day for each
aircraft in the total complement, based upon an availability of 67% ofI total aircraft and average usage of available aircraft of 6 hours per day.

The utilization of advanced Vertol 107 helicopters Is seen to reduce the
required number of aircraft from 46 to 36, or 21.8%. The advanced YHC-1i
26 to 19 would permit a 21.07. reduction. These gains, which are presented
as a measure of procurement requirements and hence lover cost, are a diec
rsult of the improvement in gneed capability. The bar graph b alo s =me
rizes the results of this comparison. /

IFIGURE 135

NUMBER OF AIRCRAFT aU7I3ED

BOKING-VERTOL 107 SERIES ______________________
_______\\ \\\V\ \\\

I MODEL 107_______________ _____

I ADVANCED MODEL 107 
36

I YHClB

1 1
ADVANCED YHC-lB
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ROTOR HUB ANALYSIS

Horizontal Pin Btearint Lives and-Slopes

The following pages contain a derivation of horizontal pin bearing loads
for various flight conditions cubic mean bearing loads and bearing lives.
The critical pin slope at the bearings is calculated also.
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